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ABSTRACT 
______________________________________________________________ 
 
The discovery of carbon nanotubes (CNTs) has sparked great interest in the scientific 
world because of their remarkable electrical and physical properties. Only a thorough 
understanding of these properties, however, will allow CNTs to be commercially 
viable. Essentially, CNTs are graphite-like surfaces of sp2 hybridized carbon atoms in 
the form of tubes. CNTs could range from single-walled carbon nanotubes (SWNTs), 
consisting of one cylindrical graphite sheet to multi-walled nanotubes (MWNTs) that 
have concentric sheets. Nanotubes can be synthesized using a number of techniques 
such as electric arc–discharge, laser ablation and catalytic chemical vapor deposition 
(CCVD). In this project the CCVD technique was used for the synthesis of CNTs 
because of it simplicity and availability. The source of carbon was not the 
conventional hydrocarbon gas, but was camphor, a botanical hydrocarbon that is a 
solid at room–temperature. Ferrocene was the catalyst, not only because it has been 
used before in the synthesis of nanotubes, but it appears to be one of the best catalysts 
during the CCVD synthesis of nanotubes. The presence of nitrogen gas is known to 
assist in the synthesis of CNTs that have a bamboo–like structure; hence the effect of 
carrier gases such as nitrogen, argon/hydrogen and argon on the quality of nanotubes 
synthesized was investigated. Initially, the optimal experimental method for the 
synthesis of CNTs was determined by varying the reaction path length, temperature, 
mixing the catalyst and carbon source together or keeping them separate and varying 
 iv
the %m/m of the catalyst to carbon source. It was found that either an increase in the 
reaction temperature or an increased path length resulted in an increase in the mass of 
product obtained, whereas mixing the catalyst and carbon source together as opposed 
to them being separated only caused a slight variation in the mass of product 
synthesized. The mass of product synthesized also increased as the catalyst 
concentration increased.  
The remainder of the project was aimed at investigating the role of different gases: 
nitrogen, argon and hydrogen (in argon) in the CCVD synthesis of CNTs. The 
resulting materials were characterized using transmission electron microscopy 
(TEM), thermogravimetric analysis (TGA) and laser Raman analysis. The results 
indicated that this method could be tailored to synthesize either carbon spheres or 
carbon nanotubes of specific diameters and quality. 
Finally, in an attempt to synthesize aligned carbon nanotubes, catalyst supports 
{characterized using Brunauer-Emmett-Teller analysis (BET)} namely; silica, 
alumina and magnesium oxide were used. Although this was not successful for the 
synthesis of aligned CNTs under the conditions used, alumina showed the most 
promise. 
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Chapter 1 
Introduction to the synthesis of carbon nanotubes 
_____________________________________________________ 
 
1.1 Background 
Nanotechnology has attracted the interest of many scientists around the world and 
could be considered today’s most progressive manufacturing technology. It is 
sometimes termed the ‘extreme technology’ because of the ability to reach the 
theoretical limit of accuracy, which is essentially the size of a molecule or an 
atom.  
 
Nanotechnology is an interdisciplinary technology that brings together people 
from traditionally separate academic groups such as engineers, physical scientists 
and medical researchers. This technology is so fundamental that it will probably 
affect communication and the economy, in a similar manner to information 
technology. The field of nanotechnology involves the ability to control and 
understand matter at dimensions of between 1 and 100 nanometers (nm) and to 
predict, understand and build objects on the scale of atoms and molecules.1 The 
exciting thing about nanomaterials is that they often have very different properties 
to similar bulk/macroscale materials, for example, materials that are catalytically 
inactive on the macroscale can behave as very efficient catalysts when in the form 
of nanoparticles.2 
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The synthesis and use of nanometer sized carbon spheres, fullerenes and carbon 
tubes or carbon nanotubes (CNTs) can be classified under the field of 
nanotechnology. Since the discovery of carbon spheres in 1985 by H. W. Kroto 
et.al 3and carbon nanotubes in 1991 by a Japanese scientist, Sumio Iijima 4, their 
properties and applications have been researched in great depth. 
 
A fullerene as suggested by H. W. Kroto et.al, had a caged structure made of 60 
carbon atoms (C60). The formation of this caged structure as explained by them, 
was due to the pairing of hexagons and pentagons, such that the carbon atoms 
have no dangling bonds, making theses structures very stable.5 Among the many 
applications, carbon spheres are expected to be useful as lubricants and 
reinforcements in composites or anode materials in Li-ion secondary batteries.6  
 
A carbon nanotube is considered to be a graphitized cylinder. A single graphitized 
cylinder of carbon atoms is called a single–walled carbon nanotube (SWNT), 
whilst concentric cylinders form a multi–walled carbon nanotube (MWNT). The 
structure of a SWNT is expressed in terms of a one-dimensional unit cell. This is 
defined by the vectors a1 and a2, together with the integers n and m as shown in 
Fig.1.1a. A CNT constructed in this way is called an (n,m) tube.7 
 
Depending on the pattern of the chain of carbon atoms along one of the symmetry 
axes, either a zig-zag (m=0) or an armchair (n=m) tube is formed (Fig.1.1a and b). 
For any other values of n and m the tubes are said to be called chiral because in 
those cases the chains of atoms spiral around the tube axis. 
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 Fig. 1.1a Vector diagram showing different chiralities of carbon nanotubes8 
 
 
 
 
 
 
 
Fig. 1.1b Different orientations of the carbon chain 
in nanotubes8 
 
The structure of a carbon nanotube strongly affects its electrical properties.9,10 For 
all types of carbon nanotubes where 2n + m = 3q (where q is an integer), then the 
tube is metallic e.g. armchair carbon nanotubes (n=m). Where this is not the case, 
i.e. n≠m, the carbon nanotubes are semi-conducting.11 Carbon nanotubes with 
different electronic properties could be used as single electron tunneling (SET) 
devices and other applications due to their low capacitance.12  
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The hybridization state of carbon atoms bonded together in a CNT is sp2, like that 
of graphite.13 This bonding structure provides the CNT with its unique strength. 
For example: CNTs have a strength-to-weight ratio of 100 times that of steel 
making them not only strong but also extremely light.14 These characteristics are 
important for both the automotive and aerospace industries as carbon nanotubes 
could be used in different aspects of the manufacturing of vehicles and aircrafts, 
which could make them strong yet very light.15 
 
There are ongoing challenges within the biomedical and healthcare sector, for the 
ability to measure and detect specific biomarkers at molecular levels.16 For this 
reason there is a need for smaller, faster and cheaper biosensors. Recent 
developments in the field of nanotechnology using CNTs may be able to provide 
solutions in the construction of biomedical devices.17 For instance, biosensors that 
are modified using CNTs could be used for the detection of total cholesterol in 
human blood.18  
 
CNTs could also be used as highly targeted drug delivery systems.14,19 Drug 
delivery systems must not react with tissue or other cells in the body for them to 
be effective. Recently a vaccine delivery device using CNTs was made by linking 
biologically active peptides to the sidewall of SWNTs. Here it was found that 
there were no cross reactivities to the nanotube after the device was used, 
therefore showing that vaccine delivery is a feasible application for CNTs.19 
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1.2. Synthesis techniques 
Although there are many applications for CNTs, the type of nanotubes required 
for various applications needs to be specific e.g. drug delivery devices require the 
use of SWNTs as they can be easily functionalized.19 There is also a need for 
scientists to find better ways of making larger quantities of carbon nanotubes. For 
these reasons various techniques are used for the synthesis of CNTs. 
 
The four most widely used techniques are electric arc-discharge, laser ablation, 
catalytic chemical vapour deposition (CCVD) and pyrolysis.20,21 Other techniques 
such as microwave irradiation22 and flame synthesis23 are currently less widely 
used.  
 
Both the CCVD and pyrolysis techniques form CNTs from the thermal 
decomposition of a carbon source. The difference between the two techniques 
however, is that the carbon source enters the reaction zone in the form of a gas in 
the CCVD process24 and as a liquid or solid in pyrolysis.21 The technique used in 
this project for the synthesis of CNTs falls between CCVD and pyrolysis because 
a solid carbon source was used, which then formed a vapour from which the 
CNTs were synthesized. Evidence for the vapor formation comes from the fact 
that the product was formed down-stream in the reactor tube and not at the initial 
position of the solid carbon source. For consistency the technique in this 
dissertation will be described as CCVD. 
 
 
 5
1.2.1 Arc–discharge 
CNTs were first synthesized by a Japanese scientist Sumio Iijima as a by-product 
in the synthesis of fullerenes using the arc–discharge technique.25 The arc–
discharge technique generates high temperatures that are needed for the 
vaporization of carbon atoms into a plasma. The electric arc–discharge apparatus 
(Fig. 1.2) makes use of carbon electrodes, each between 5–20 mm in diameter. 
These are typically kept approximately 1 mm apart as the voltage across them is 
maintained at 20–25 V when an electric current of 50–120 A is allowed to flow 
between the electrodes.26 Generally, the reaction takes place in an inert 
atmosphere and the products form on the inside of the reaction chamber (point B 
on Fig. 1.2). A deposit in the form of a hard grey shell also forms on the cathode 
electrode (point A on Fig. 1.2).27 This shell consists of MWNTs, fullerenes and 
amorphous carbon.  
 
Historically, experimentation of SWNTs started two years after the discovery of 
MWNTs.20 These were synthesized using a drilled anode, filled with a catalyst 
mixture, together with graphite and a pure carbon cathode.28 Unlike MWNTs, 
SWNTs are collected from the chamber and not from the cathode deposit. 
Although high temperatures are required for SWNTs and MWNTs using the arc–
discharge technique, the crystallinity of the CNTs synthesized is generally high. 
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Stepper motor B. Water-cooled 
 
 
 
 
 
 
 
 
Fig. 1.2 A schematic of an electric arc–discharge apparatus29 
 
1.2.2 Laser ablation 
The use of laser ablation for the synthesis of CNTs started in 1996.30 A typical 
experimental set–up of the laser furnace (Fig. 1.3) consists of a furnace, a laser, a 
water–cooled trap, a quartz reactor tube, a target carbon source (usually in the 
form of graphite) and an inert atmosphere in which the reaction is carried out. The 
laser beam is introduced and focused onto the target, which is vaporized at a high 
temperature and the synthesized CNTs are then collected on the water–cooled 
trap.30 Similar to arc-discharge, in laser ablation SWNTs are synthesized using a 
metal catalyst together with the carbon source, whilst MWNTs can be synthesized 
without the use of a catalyst.31  
 
 
 
 
H2 He 
Power supply 
A. Cathode Anode 
Thermocouple 
Pressure transducer 
chamberView ports 
Electrode holder 
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Fig. 1.3 A schematic of an experimental set–up for laser ablation 
 
This method has advantages such as high-quality SWNT production, diameter 
control and investigation of growth dynamics.30 SWNTs produced using this 
technique have minimal defects and contaminants. The disadvantage, however, is 
that this method uses a high powered laser, which is expensive and makes the 
synthesis of CNTs very costly.  
 
1.2.3 Catalytic Chemical Vapour Deposition 
This CNT production technique uses a very simple experimental setup which 
includes: either one or two furnaces (Fig. 1.4a, b) or a pre–heater and a furnace 
(Fig. 1.4c), a quartz reactor tube, a carbon source and catalyst all kept under an 
inert atmosphere. In this project, the CCVD technique was used for the synthesis 
of nanotubes, where either one or two furnaces were used in the experimental set–
up. 
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A typical reaction involved purging the reactor with an inert gas while the reactor 
reached the desired temperature. The reaction then took place at that desired 
temperature for a specified time. At the end of the reaction, the furnace was 
allowed to cool to room temperature under an inert atmosphere before the CNTs 
were exposed to air.32 One of the major advantages with the CCVD technique is 
that the CNTs can be synthesized continually. This can be a very good way to 
synthesize large quantities of CNTs, and could result in being the ideal set–up for 
commercial production.33 
 
 
 
 
 
 
 
a. One furnace system52    b. Two furnace system39  
 
 
 
    
 
c. Pre–heater and furnace34 
    
Fig. 1.4 Experimental set–up for CCVD 
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The carbon source used in CCVD technique varies from liquids such as benzene 
and pyridine,35,43 to hydrocarbon gases such as acetylene.36,47,50. A solid such as 
camphor could also be used as a carbon source, and it was one of the carbon 
sources used in this project.37,38,39,40. The reason why camphor was used as a 
carbon source was because it was inexpensive and easily accessible. 
 
Many scientists have experimented with Fe as the catalyst in the CCVD 
technique, in the form of ferrocene,41,42,43,44,45,46,47,48 iron chloride,49 iron 
pentacarbonyl,50 iron carbide51 and iron nanoparticles.52 Other metals like Co and 
Ni have also been used as catalysts. Sometimes, metals like Fe, Co or Ni can be 
trapped inside the CNT, depending on the catalyst used. These types of CNTs 
have attracted extensive research interests due to their unique electronic, magnetic 
and optical properties. Ni filled CNTs, in particular are promising for use as 
nanomagnets that could prove useful in magnetic data storage.53 
 
Catalysts used in the CCVD synthesis technique are usually supported on a 
substrate where the surface area {determined by Brunauer-Emmett-Teller (BET) 
analysis} as well as the micropore volume and pore size distribution has been 
fully analyzed.54 These supported catalysts allow some control over the diameter; 
length and type of CNTs to be synthesized as these are very important factors 
especially for commercial applications. Supports such as alumina55 and          
silica41,56,57 have been used by researchers to synthesize CNTs with at least some 
degree of controllability including alignment and uniformity. The challenge 
however, is to synthesize these CNTs in large quantities. 
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Table 1.1 lists some of the catalysts and carbon sources that have been used in the 
CCVD technique and indicates some of the more commonly used conditions for 
CNT synthesis.58  
 
Table 1.1: Catalysts used in the synthesis of MWNTs 
METAL CATALYST 
TYPE 
PREPARATION 
METHOD 
TEMP
(ºC) 
CARBON 
SOURCE 
REF. 
Fe Ultra fine 
particle 
Decomposition of 
metallocene 
1060 Benzene 59  
 Silica 
support 
Pore 
impregnation 
700 Acetylene 60,61  
 Zeolite or 
Clay support 
Ion exchange 700 Acetylene 60 
 Graphite 
support 
Impregnation 700 Acetylene 61 
 Quartz or 
Sapphire 
DC plasma 
sputtering 
700-
900 
Ethanol 62  
 Silica 
support 
Sol-gel process 700 Acetylene 63  
Co Ultra fine 
particle 
Laser etching of 
Co thin film 
1000 Triazine 64  
 Silica 
support 
Pore 
impregnation 
700 Acetylene 60,61 
 Zeolite or 
Clay support 
Ion exchange 700 Acetylene 60 
 Graphite 
support 
Impregnation 700 Acetylene 61 
Ni Graphite 
support 
Impregnation 700 Acetylene 61 
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Ferrocene was chosen from the many catalysts that have previously been used in 
the CCVD technique before for use in the synthesis of CNTs in this project, as it 
served not only as the catalyst, but also as a source of carbon.  
 
By comparison ferrocene (catalyst), together with acetylene (carbon source) has 
been used in the synthesis of CNTs, using a two furnace system (similar to the 
set–up in this project).47 In the above mentioned study, the first furnace was used 
to vaporize the ferrocene at temperatures between 60ºC and 90ºC. The ferrocene 
vapors were then carried by a flow of a mixture of argon and acetylene gas to the 
second furnace, which had its temperature varied from 750ºC to 1200ºC. Both 
Transmission electron microscopy (TEM) and micro-Raman spectroscopy showed 
evidence of SWNTs in the product. 
 
MWNTs as well as SWNTs have also been synthesized using two furnaces with 
ferrocene (catalyst) and camphor (carbon source).39 SWNTs were synthesized in 
low yields but were of uniform diameter of between 1.2–1.3 nm. MWNTs were 
present in high yields (approx. 90%) and tube diameters ranged from 20–40 nm. 
The CNTs synthesized in this way were of good crystallinity and showed no 
evidence of amorphous carbon. 
 
Similarly, aligned Fe doped CNTs were also synthesized using a single furnace 
with ferrocene (catalyst and carbon source) supported on a Si substrate.41 The 
ferrocene was vaporized at 1050ºC in the furnace and the synthesized CNTs were 
deposited on the substrate and on the inner wall of the quartz tube. 
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1.3. Growth mechanism for the formation of carbon nanotubes  
CNTs are of great interest due to their unique structural and electronic 
properties.65 These properties are directly related to the atomic structure of 
nanotubes and therefore it is essential to understand the parameters that control 
nanotube size, number of shells, helicity and the structure of the nanotubes during 
synthesis. A more precise and thorough understanding of the growth mechanism 
of these nanosized structures is therefore vital in designing procedures for 
controlling the growth conditions. The two most commonly cited mechanisms of 
CNT growth are the a) base growth and b) tip growth mechanism.66  
 
1.3.1 Base growth mechanism 
 
It is suggested that in the base growth mechanism, the carbon source adsorbs onto 
a catalytic particle surface and releases carbon as it decomposes. The carbon then 
dissolves and diffuses into the catalyst particle until a supersaturated state is 
reached.66 When the catalyst particle adheres strongly to the substrate surface, it 
causes the carbon to precipitate from the top surface of the catalyst particle and 
the tube continues to grow with the catalyst particle attached to the substrate (Fig 
1.5). 
 
The base growth mechanism was proposed for the synthesis of CNTs using xylene 
as the carbon source and ferrocene supported on silicon and oxidized porous 
silicon as the catalyst.67 This was because the metal particle appeared to attach to 
the substrate as the CNT formed.  
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 catalyst particle 
substrate 
 
 
a. catalyst particle attaches strongly b. carbon precipitates from 
 to the substrate surface    top surface of catalyst particle 
 
 
 
 
 
 
c. a tube is formed with the catalyst particle attached to the 
substrate 
 
Fig .1.5 A schematic of the base growth mechanism 
 
1.3.2 Tip growth mechanism 
In the tip growth mechanism it has been proposed that a hydrocarbon decomposes 
on a catalytic particle surface releasing carbon. This carbon then dissolves and 
diffuses into the metal particle until a supersaturated state is reached, similar to 
the base growth mechanism. However, in this case the catalytic particle adheres 
weakly to the substrate surface causing carbon to precipitate at the bottom surface 
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of the catalyst particle and the growing tube lifts the catalyst particle as it grows 
(Fig. 1.6).66 
 
 
a. catalyst particle attaches weakly b. carbon precipitates from 
to the substrate surface    bottom surface of catalyst 
 particle 
 
 
 
 
c. a tube is formed with the catalyst particle at the top of the 
tube 
 
Fig. 1.6 A schematic of the tip growth mechanism 
 
The tip growth mechanism was proposed for MWNTs that were synthesized 
using ethanol as the carbon source and cobalt as the catalyst supported on alumina 
disks.68 TEM indicated that almost every CNT had a catalyst particle at one end, 
suggesting a tip growth mechanism.  
 
It is also possible that the tip growth and base growth mechanism could be in 
operation simultaneously during CNT synthesis. In the CCVD synthesis of 
MWNTs from methane over a Mo/MgO, TEM analysis showed that CNTs were 
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formed with the catalyst particle at the base and the tip of the CNTs, suggesting 
that both the tip growth and base growth mechanisms were in operation.69 
 
1.4. Characterization Techniques  
Characterization tools are important in the study of new materials in order to 
evaluate their full potential in future applications. Typically, a wide range of 
techniques are used to obtain information concerning the type and structure of 
CNTs synthesized. Such information is critical when synthesizing these materials 
for commercial applications. Amongst the many techniques available for CNT 
characterization are electron microscopy, electron energy loss spectroscopy 
(EELS), thermogravimetric analysis (TGA) and Raman spectroscopy. These 
techniques are useful because information concerning the type and quality of the 
CNTs synthesized can be obtained. 
 
1.4.1 Electron Microscopy 
It is often said that ‘seeing is believing’, and this is most certainly the case with 
CNTs. Using electron microscopy techniques, it is possible to determine the 
actual CNT structure in detail. There are several types of electron microscopy 
techniques that are used for the characterization of CNTs some of which include 
transmission electron microscopy (TEM), scanning electron microscopy (SEM) 
and electron energy–loss spectroscopy (EELS). 
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1.4.1.1 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) can either be low resolution so that the 
general shape and size of CNTs can be observed, or high resolution (HRTEM) 
where the exact length, diameter, number of walls and graphicity can be 
determined.70. Even at low resolution, the metal particle that catalyzed the growth 
of the CNT can be observed at the end of the CNT and also within the CNT 
depending on where the metal particle was present as these appear as dark spots 
on the image. 
The electron microscope itself consists of:  
 a. an illumination system 
 b. an imaging system 
 c. an image translating system71  
 
a. Illumination system 
The illumination system consists of two units i.e. the electron gun (Fig. 1.7) and 
the condenser. The electron gun is the source of electrons and the condenser 
controls the intensity of the beam and directs it onto the sample. The electron gun 
consists of three components, namely the filament, Whenhelt Cap (shield) and an 
anode. The filament is a thermionic cathode and is usually a piece of pure 
tungsten wire. When an electric current passes through the filament, the tip of the 
tungsten wire becomes very hot and electrons are emitted. These emitted electrons 
are accelerated in the space between the filament and the anode by the potential 
difference across the gap and the sample is then illuminated. The shield is the 
focusing electrode and is positioned over the filament tip.71 
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 Fig.1.7 Electron gun showing electron generation for imaging72 
 
 
b. Imaging system 
The imaging system consists of an objective lens and one or more projector lenses 
as shown in Fig.1.8. Looking at Fig. 1.8, the path of the emitted electrons from the 
electron gun (represented by Virtual space in Fig, 1.8), can be followed until the 
final magnified image is projected on the screen.73 
 
Fig. 1.8 Imaging system72 
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c. Image translating system 
The image translating system translates the electron image into a visible light 
image in order to be seen by the eye. This is done by making use of a fluorescent 
charge–coupled device (CCD) camera. 
 
Figure 1.9 is an example of an image that was obtained using TEM.39 The CCVD 
technique was used to synthesize these MWNTs. The synthesis was carried out in 
two furnaces using camphor (carbon source) and ferrocene (catalyst). 
 
 
 
 
 
 
 
 
Fig. 1.9 TEM image illustrating MWNTs synthesized from ferrocene and 
camphor39 
 
1.4.1.2 Scanning Electron Microscopy (SEM) 
SEM is a “surface” technique that can for example be used to view ropes of 
SWNTs in a sample or to view highly orientated MWNTs that are grown on 
quartz or silicon substrates.70 This technique can provide valuable information 
about the chemical composition at the surface of the sample.74 SEM makes use of 
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a finely focused electron beam that is formed by making use of several electron 
lenses. The electron beam bombards specific points of the sample as it scans its 
surface in a regular pattern. Interaction of the primary electrons with the sample 
provides an induced emission of secondary electrons. These secondary electrons 
are collected and converted into a tiny current that is amplified to produce a signal 
voltage. This signal is then passed onto a cathode-ray tube (CRT). As the surface 
of the specimen is scanned by the electron beam, the electric current is varied and 
this causes a change in the CRT. An image is then formed on the screen of the 
CRT which could be viewed or photographed.74 
 
1.4.1.3 Electron Energy–Loss Spectroscopy (EELS) 
EELS is a valuable technique for light element analysis in the transmission 
electron microscope and can provide important information on the oxidation states 
and bonding of these light elements. For graphite related nanocarbon materials, 
information can be obtained from two energy ranges i.e. in the approximate region 
of 280–300eV and in the region of 0–40eV (Fig. 1.10). In the region of 280–
300eV, energy loss is linked to the excitation of an electron from the 1s carbon 
core to the Fermi level. Information about the relative amounts of sp2 and sp3 
bonding present in a sample can then be obtained from the spectra.75 In the         
0–40eV region, energy loss is due to plasmons, arising from the π and σ states of 
the carbon L shell. Highly ordered graphite, gives a broad peak in the spectrum, 
centered at about 28eV spectrum.75 
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Fig. 1.10 EELS spectra showing the excitation of an electron from 1s 
carbon core to Fermi level of carbon based material76 
 
1.4.2 Raman Spectroscopy 
Raman spectroscopy is an experimental technique that is used for CNT 
characterization and provides information about the quality of the products 
synthesized.77 Raman spectra are obtained by irradiation of a sample with a 
monochromatic light source.78 Most of the incident light is scattered with no 
change in energy after interaction with the sample, and this elastic scattering of 
light is known as Rayleigh scattering (Fig. 1.11).79 A small fraction of scattered 
light undergoes a change in energy after interaction with the sample, and this 
inelastic scattering of light is called Raman scattering. In this process a photon of 
energy (E) from the light source interacts with the sample, which leads to the 
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emission of another photon with a different frequency to the incident photon. This 
photon now has either a higher or a lower energy. Stokes Raman scattering refers 
to a molecule that undergoes a quantized transition to a higher vibrational energy 
level, while anti-Stokes Raman scattering occurs if the transition is to a lower 
vibrational energy level (Fig 1.11).80 
 
 
 
 
 
 
Fig. 1.11 Energy diagram for Raman and Rayleigh scattering80 
 
Resonance Raman Spectroscopy refers to the situation in which the Raman line 
intensities are greatly enhanced by excitation with wavelengths that closely 
approach that of an electronic absorption peak of the analyte.81  
 
Information about the type (i.e. SWNTs or MWNTs) and quality of nanotubes can 
be obtained from Raman spectra. The most characteristic features found on a 
Raman spectrum include82  
- radial breathing mode (< 200cm–1) {specific to SWNTs) 
- a D–band (1340cm–1) 
- a G–band (between 1500 and 1600cm–1) 
- a second order D–band, also known as G΄–band (2700cm–1) 
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The radial breathing mode (RBM) peaks are characteristic for SWNTs and arise 
due to the radial vibrations of the carbon atoms, and have a frequency that 
depends on the diameter of the tubes, resulting in information about the tube 
diameter. The D–band (or so–called defect peak) arises due to the amorphous or 
non-crystalline carbon present in the material and is a symmetrical stretch with 
A1g symmetry.83 The G–band corresponds to a splitting of the E2g stretching 
mode of graphite and arises due to the tangential vibrations of the carbon 
atoms.84 The peak at 2700cm–1 is assigned to the first overtone of the D–band 
and is known as the G΄-band.85 The degree of crystallinity of CNTs can be 
determined either by the area ratio G/D or intensity ratio IG/ID. The higher the 
ratio the higher the degree of crystallinity of the CNTs synthesized.  
A Raman spectrum showing the most characteristic features of SWNTs is 
shown in Fig. 1.12.82 These SWNTs were synthesized using the arc–discharge 
technique. 
 
Fig. 1.12 Raman spectrum of SWNTs82 
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1.4.3 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis is a technique used to determine a sample’s thermal 
stability and its fraction of volatile components. This is done by monitoring the 
weight change that occurs as the sample is heated. TGA analysis of CNTs gives 
information about the metal content and the amount of amorphous carbon in a 
sample.86 TGA measurements of nanotubes typically show just a single peak on 
the integral trace of the graph, and the position of this peak is strongly affected by 
the amount and morphology of the CNTs.88 Typically, a sample that contains 
more amorphous carbon, will have the peak shifted to lower temperatures. It has 
bee shown that the oxidative temperature of about 300°C is characteristic of 
amorphous carbon, the one at 500–600°C of SWNTs and the at 640–790°C pure 
MWNTs.87 
Also, the percent mass of sample remaining after the analysis would be an 
indication of the metal content within that sample. CNT samples are analyzed 
either in air, or an inert atmosphere and the weight recorded as a function of 
temperature.88 The usual heating rate used in TGA analysis for carbon nanotubes 
is between 10–20°C/min.  
 
The following chapters expand on the experimental methods that were used, 
including the characterization, results and conclusions. 
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Chapter 2 
Experimental Methods 
____________________________________________________________ 
 
Introduction 
This chapter addresses the experimental procedures that were used for the synthesis 
and characterization of CNTs. In this project a CCVD technique was used which was 
a modification of a method reported for the synthesis of MWNTs and SWNTs with 
camphor and ferrocene.1 This was the preferred technique for this project because of 
its availability, low running costs and its simplicity. 
 
Aims and objectives 
The experiments were carried out in a number of stages. In the first stage the 
optimal experimental method for the synthesis of CNTs was determined such that 
products of the highest mass could be obtained. Since the reaction path length plays 
a role in the quantity of materials synthesized, studies were conducted to examine 
the effect of reaction path length. This was done by either using one furnace (short 
reaction path length) or two furnaces (long reaction path length). Also, ferrocene and 
camphor have different boiling points i.e. 249ºC and 207ºC, respectively therefore, a 
study to investigate the effect of mixing and separating camphor and ferrocene, 
using either one or two boats, was conducted. The reaction temperature was also 
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varied to establish the optimum temperature at which the greatest quantity of 
product could be obtained. 
In the second stage, the most suitable experimental method and reaction temperature 
was used to establish if various carrier gases have an effect on the type of nanotubes 
synthesized as has been recently reported.2 
 
Finally, the carrier gas that produced the largest quantity of product was used to 
investigate the effect of different catalyst supports on the types, quantities and 
diameters of CNTs synthesized. The use of supported catalysts are important in 
CCVD as it allows for the synthesis of aligned CNTs, similar to a study in which 
bundles of aligned nanotubes were produced with acetylene (carbon source) and iron 
supported on silica.3 
 
Materials and methods 
The reagents that were used for these studies include camphor, ferrocene, silica, 
aluminium oxide and magnesium oxide. Camphor (BDH Chemicals, DL-Camphor 
synthetic) and ferrocene {Fluka ≥98% (Fc)} were used without further purification, 
whilst the catalyst supports i.e. silica (aerosol 200), aluminium oxide (Associated 
Chemical Enterprises) and magnesium oxide (BDH Chemicals Ltd), were purified 
before being used. The purification of each of these supports included hydrolyzation, 
drying and finally calcination (See section 2.2.3.1.1). Carrier gases that were used 
during the various reactions included Ultra High Purity (UHP): nitrogen, argon and a 
mixture of argon (92%)/hydrogen (8%). 
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2.1 Characterization 
 
The characterization techniques used to carry out the analysis of the products that 
were obtained included TEM (JOEL 100S), TGA (Pyris 1 Perkin Elmer 
Thermogravimetric Analyzer) and Raman spectroscopy (Jobin-Yvon T64000).  
 
No sample preparation was required for TGA and Raman analysis, but the sample 
preparation for TEM analysis is described below. 
 
2.1.1 Analysis using TEM 
A minute amount of sample (approximately 0.02g) was added to 2cm3 of either 
ethanol or methanol. This mixture was then sonicated (Ultrasons, J.P. Selectra) for 
15–30mins using an ultrasonic cleaning bath. After sonication, two drops of this 
suspension was supported on a holey carbon coated copper grid. Once the alcohol had 
evaporated (one minute later), the holey carbon grid was loaded into the TEM for 
analysis. 
The external diameters of the CNTs and spheres observed on the TEM images were 
calculated using the measurement of the tube/sphere diameters in millimeters and the 
magnification. Approximately 25 tubes/spheres for each sample was used for this 
calculation and the average external tube/sphere diameter for that particular sample 
was reported. 
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2.1.2 Analysis using TGA 
Approximately 15mg of sample was used. The analyses of the samples were done in 
air (flow rate of 40mL/min) and the rate used was 10ºC/min. 
 
2.1.3 Analysis using Raman spectroscopy 
Raman spectra were acquired with a Raman spectrometer operated in single 
spectrograph mode with a 600 line/mm grating. The 514.5nm line of an argon ion 
laser was used as the excitation source. The laser light was focused onto the sample 
using the 20x objective of an Olympus microscope, and the scattered light was 
collected in a backscattering configuration. Laser power at the sample was kept at 
1.2mW or less to minimize local heating. Spectra accumulation times varied from 
120 seconds to 180 seconds and were collected using a liquid nitrogen–cooled CCD 
detector. 
 
2.1.4 Analysis using BET 
Approximately 0.2g of sample was used for the analysis and nitrogen (flow rate of 
40mL/min) was used to create an inert atmosphere. 
 
2.2 Synthesis 
2.2.1 Optimization 
The following studies were carried out either using one or two furnaces (Fig. 2.1 a., 
Fig. 2.2 a.) together with one or two quartz boats (Fig. 2.3 a.). Both furnaces i.e. 
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furnace A and furnace B were Gallenkamp Tube Furnaces and covered a 
temperature range between 0ºC–1100ºC. The reaction path length of both furnaces 
was 32 cm. Quartz boats were used during the synthesis of CNTs and the dimension 
of each boat was 5cm in length and 2cm in width. The carbon sources included 
camphor and ferrocene, with ferrocene also being the source of catalyst. A quartz 
tube of 1m in length and 3cm in diameter was used to carry out the reactions, while 
the carrier gas used was UHP N2. 
 
2.2.1.1 Study 1: Short reaction path length (One furnace with catalyst and 
carbon source mixed in one boat) 
Approximately 0.8g of camphor together with 20%(m/m) ferrocene was mixed 
together in the quartz boat. The boat which contained the camphor and ferrocene 
was placed in the quartz reactor tube which was in turn placed in the furnace such 
that the boat was outside the reaction zone (Fig. 2.1 a.). The furnace was then 
switched on and the correct reaction temperature set. In this study, five reaction 
temperatures were investigated i.e. 650ºC–1050ºC in 100ºC intervals. In each case, 
the reactor was purged at 10cm3/min with UHP N2 for 1 hour prior to beginning the 
reaction. When the furnace reached the desired reaction temperature, the tube was 
moved into the furnace such that the boat containing the reactants was in the middle 
of the heated zone and the reaction was allowed to take place for 20 mins (Fig.2.1 
b.). After the reaction, the furnace was switched off and allowed to cool to room 
temperature. The flow of carrier gas was stopped when the furnace temperature fell 
below 300°C. When the temperature of the furnace reached room temperature, the 
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reactor tube was removed from the furnace and the product was scraped out from the 
walls of the reactor and from the boat. The products were weighed out then analyzed 
by using TEM. 
 
 
 
Flow of N2 
Camphor and 
ferrocene mixed in 
one boat 
Quartz reactor 
Furnace 
 
 
Fig. 2.1 a. Experimental set–up using furnace A before reaction takes place 
 
      
 
 
 
Fig. 2.1 b. Experimental set–up during reaction 
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2.2.1.2 Study 2: Long reaction path length (Two furnaces with catalyst and 
carbon source mixed in one boat) 
This study was very similar to Study 1 in terms of experimental set–up, and the only 
difference was that two furnaces (Gallencamp) were used, end on end, to increase the 
reaction path length instead of one furnace i.e. furnace A and B (Fig. 2.2a,b). In each 
of the reactions, the temperature of furnace A (where the catalyst and carbon source 
were to be vaporized) remained constant at 850ºC, whilst the temperature of furnace 
B was varied (Table 2.1). As before, 20%(m/m) ferrocene was mixed with 
approximately 0.8g of camphor. The flow rate of UHP N2 remained at 10cm3/min and 
the reaction was carried out for 20mins. After the reaction the product was collected 
using the same procedure as in Study 1 and was also weighed and then characterized 
using TEM. 
 
Flow of N2 
B A 
Fig. 2.2 a. Experimental set–up before reaction takes place 
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B A 
 
Fig. 2.2 b. Experimental set–up after reaction takes place 
 
Table 2.1 Reaction temperatures of the furnaces for each reaction 
Furnace A Furnace B 
1. 850ºC 850ºC 
2. 850ºC 950ºC 
3. 850ºC 1050ºC 
 
 
2.2.1.3 Study 3: Long path length, separated catalyst and carbon source with 
varying furnace B temperature 
The experimental parameters of this study were the same as Study 2 with the only 
difference being the separation of the catalyst and carbon source from one another. 
Instead of ferrocene and camphor mixed in one boat (Studies 1 and 2), two boats 
(placed end on end) were used so that the camphor and ferrocene were separated (Fig. 
2.3 a. and b.). Ferrocene was put into the hot zone first as it has a higher boiling point 
(i.e.249ºC) compared to camphor that has a boiling point of 207ºC. If camphor was 
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put into the hot zone first, it would vaporize and leave the reactor without having 
reacted with the ferrocene. The temperature of the furnaces, carrier gas, flow rate and 
reaction times were the same as in Study 2. The products obtained were also weighed 
and analyzed using TEM. 
 
 
 
ferrocene camphor 
B A Flow of N2  
Fig.2.3 a. Experimental set–up using two boats and two furnaces before the reaction  
 
 
B A 
 
Fig. 2.3 b. Experimental set–up during the reaction 
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2.2.1.4 Study 4: Long path length, separated catalyst and carbon source with 
varying furnace A temperature  
In this study two boats and two furnaces were used, similar to Study 3 (Fig. 2.3). The 
only difference was that for each reaction, the temperature of furnace B was 
maintained at 950ºC, whilst the temperature of furnace A varied from 200ºC–450ºC 
(Table 2.2). The products obtained from the reactions carried out in this study were 
also weighed and analyzed using TEM. 
Table 2.2 Reaction temperatures of the furnaces for each reaction 
Furnace A Furnace B 
1. 200ºC 950ºC 
2. 250ºC 950ºC 
3. 300ºC 950ºC 
4. 450ºC 950ºC 
 
2.2.2 The effect of various carrier gases 
2.2.2.1 Study 5: The effect of various carrier gases at different mass percentages 
of ferrocene 
The information obtained from studies involving the determination of the optimal 
experimental method (section 2.2.1), illustrated that a longer reaction path length 
produced the most product. However, the use of a short reaction path length and 
mixed catalyst and carbon source the catalyst and carbon source together in one boat 
(Fig. 2.1 a. and b.), proved to be a more economical experimental set–up (i.e. 
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electrical cost of one furnace verses two). Hence the one furnace set–up was chosen 
for the studies that followed. The optimum reaction temperature at which the greatest 
mass percentage of product was obtained was 1050ºC, and reactions in this study as 
well as in the next study (i.e. Study 6) were carried out using this temperature. 
In this study, the mass percent (%m/m) of ferrocene relative to camphor for each 
reaction was varied from 0%–100% (Table 2.3) and the total mass of ferrocene and 
camphor was kept constant at 1.00 g. The effect of different UHP gases, i.e. Ar, N2 
and a mixture of Ar (92%)/H2 (8%) at each of the different mass percentages of 
ferrocene was studied. The flow rate of the carrier gas was maintained at 10cm3/min 
and the reaction time was kept at 20mins. The products that were obtained were also 
weighed and then analyzed using TEM, Raman spectroscopy and TGA. 
 
Table 2.3 Mass percentages of ferrocene used for the reactions 
% ferrocene 0% 1% 10% 30% 50% 100% 
 
2.2.3. The effect of catalyst supports  
2.2.3.1 Study 6: The effect of various catalyst supports on the production of 
CNTs 
The experimental set–up and reaction temperature for this study was the same as 
Study 5. From the previous study the greatest mass percent of product was obtained 
in a nitrogen atmosphere (section 2.2.2.1). Also, at a ferrocene concentration of 
10%(m/m) ferrocene could still be considered to be a catalyst, as a result, these 
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conditions were then used throughout Study 6. Here, camphor (0.453g) was mixed 
with 10%(m/m) ferrocene supported on various supports such as MgO, SiO2 (aerosol 
200) and Al2O3. Each reaction was carried out for 20mins. 
 
2.2.3.1.1 Preparation of supported catalyst 
Typically all three supports were first hydrolyzed by mixing approximately 10g of 
each support with approximately 30–50cm3 distilled water to form a slurry. This 
mixture was then allowed to dry in an oven at 100ºC overnight. Once dried each 
support was calcined in air for 3hrs at 500ºC. The ferrocene was then loaded by 
incipient wetness* onto each support. For the preparation of the supported catalyst, 
10%(m/m) ferrocene was loaded onto each support with toluene being the solvent. 
The toluene was then evaporated at 100ºC in an oven overnight. After evaporation of 
toluene, the supported catalyst was ready for use in the synthesis of CNTs. 
 
2.3 References 
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* a catalyst preparation technique for porous supports, such that the soluble metal containing  
compound enters the pores of the support via capillary action 
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CHAPTER 3 
Results and Discussion 
______________________________________________________________ 
 
The following chapter presents the results obtained from the studies undertaken 
and outlined in Chapter 2. Nanotubes synthesized from camphor and ferrocene 
were optimized for three gases and the products were analyzed using several 
techniques. Products obtained from studies involving the determination of optimal 
experimental conditions were characterized using only TEM, whilst products 
synthesized using different carrier gases were analyzed using TEM, TGA and 
Raman spectroscopy. The synthetic method was then tested on various catalyst 
supports, and the products examined using TEM. Catalyst supports were also 
analyzed before and after the catalysts were loaded, using BET. 
The data obtained for TGA, Raman and BET analysis were obtained from an 
external laboratory. 
 
3.1 Determining the optimal experimental method for the synthesis of CNTs 
In this part, four studies were carried out at various reaction temperatures to 
determine if one or two furnaces and mixing the catalyst in one boat or keeping 
them separate using two boats made a significant impact on the mass and 
diameters of the products synthesized. A single furnace was used in Study 1, and 
the results were compared to the results obtained from Study 2, where two 
furnaces were used for the reactions. In these two studies, the effect of increasing 
the reaction path length as well as reaction temperature was investigated. 
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Similarly, Studies 3 and 4 were done to establish whether the temperature and 
having the catalyst and carbon source mixed together or separated, influenced the 
mass and diameters of product synthesized. Table 3.1 illustrates the conditions 
used for each of the four studies that were carried out. 
 
Table 3.1: Reaction conditions for the studies that were carried out 
 Number of 
furnaces 
Number of boats Parameters  investigated 
Study 1 1 1 Varying reaction temperature 
Study 2 2 1 – Increased reaction path length 
– Varying reaction temperature 
Study 3 2 2 Effect of separating catalyst and 
carbon source using two boats 
Study 4 2 2 Varying reaction temperature 
 
 
3.1.1. Study 1: Short reaction path length (One furnace with catalyst and  
  carbon source mixed in one boat) 
In this study a mixture of camphor (0.8g) and ferrocene (0.2g) was placed in a 
single quartz boat. The reactions in this study were carried out at various reaction 
temperatures using a single furnace with N2 as the carrier gas.  
From Fig 3.1, it can be seen that as the temperature of the furnace increased, there 
was an increase in the mass of product synthesized. At reaction temperatures of 
700ºC and below the mass percent of product obtained was very low, and could be 
because of the incomplete decomposition of the vapors of camphor and ferrocene, 
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similar to a recent study which confirmed this observation at reaction 
temperatures below 700ºC.1 The results obtained from Study 1 confirm that no 
product was synthesized at 650ºC (Fig. 3.1). Also, due to the fact that 100% mass 
of product was not obtained at any of the reaction temperatures investigated in 
this study; it was evident that most of the materials probably exited the reactor 
before having reacted. 
Opimization of the temperature for CNT production
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Fig. 3.1 Effect of temperature on the mass percent of product synthesized 
 
3.1.1 (i). TEM analysis 
A minute quantity of product was obtained at 750ºC and was not enough for TEM 
analysis, but the products obtained at the temperatures of 850ºC, 950ºC, 1050ºC 
from the reaction of camphor and ferrocene were characterized using TEM, as 
illustrated in Fig 3.2 a–c. The average outer diameters of the tubes synthesized, 
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varied randomly as the reaction temperature was changed. At 850ºC, the average 
outer diameter of the tubes was 32nm, whilst at 950ºC and 1050ºC the average 
outer diameter of the tubes were 27nm and 30nm, respectively. These results do 
not show any obvious trend with regard to temperature, unlike those obtained by 
C. J Lee et.al, which showed that the outer diameter of the tubes increased as the 
reaction temperature increased from 750ºC to 950ºC.2 In a separate study, using 
camphor and a mixture of iron and cobalt as catalysts, supported on zeolite, it was 
also confirmed that as the reaction temperature increased, the outer diameter of 
the nanotubes synthesized increased.3  
Possible reasons for the difference in trends observed from Study 1 compared to 
results from literature could be due to a number factors which include the catalyst, 
support material and carrier gas used. In those studies either iron supported on 
silica or a mixture of iron and cobalt supported on zeolite were the catalysts used, 
instead of unsupported ferrocene as in this project. The carrier gas used in both 
reported studies was argon, while the carrier gas used in our case in Study 1 was 
nitrogen. 
(a)         (b) 
 
 
        
     
 
 
Metal particle at end of the 
tube 
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(c)        
 
 
 
 
 
Fig 3.2 TEM images of carbon nanotubes obtained from the reaction of camphor 
and ferrocene at temperatures of a. 850ºC, b. 950ºC and c.1050ºC 
 
The TEM image shown in Fig. 3.2 a, indicates that MWNTs were successfully 
synthesized at 850ºC using the CCVD technique. Unfortunately, due to the 
unavailability of the HRTEM with EDS a detailed analysis of these particles was 
not possible. It was however evident that the ends of the some of the CNTs 
appeared to have metal nanoparticles (most probably iron) attached to them and 
was seen as a dark spot on the TEM image of CNTs synthesized at 950ºC (Fig. 
3.2 b). This illustrated that ferrocene most probably decomposed into its 
components and that the iron nanoparticle that formed catalyzed the growth of 
CNTs. This mechanism for CNT synthesis can be supported by a report in which 
K. Kuwana et.al modeled the formation process of iron nanoparticles from 
ferrocene.4 R. Andrews et.al have also indicated that ferrocene decomposed to 
form iron nanoparticles that catalyzed CNT growth from reactions that were 
studied.5 Furthermore, this mechanism for the decomposition of ferrocene can 
also be indirectly assumed, because carbon (from camphor) does not catalyze 
CNT formation by itself (further discussed in section 3.2). Since the particle at the 
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end of some of the nanotubes are most probably iron, these particles will be 
referred to as the metal for the remainder of this project.  
When CNTs are synthesized using supports, it is possible to predict the growth 
mechanism as the metal particle is situated either at the tip or the base of the 
nanotube. S. Chai et.al have reported that by making use of different support 
materials for the synthesis of CNTs, the metal particle was either situated at the 
tip or the base of the CNTs synthesized, thus indicating the growth mechanism.6 
Although a metal particle was observed from the TEM image in Fig 3.2b, the 
growth mechanism for the synthesis of the nanotubes was unclear as the catalyst 
was not supported. At a reaction temperature of 1050ºC (Fig 3.2c), MWNTs were 
still synthesized and the mass percent of product obtained also increased (17% 
compared to 6.5% at 850ºC). In the results that follow it will be observed that by 
varying reaction parameters other than the reaction temperature (section 3.2), not 
only a larger mass percent of product can be obtained at 1050ºC but there was a 
significant improvement in the graphitic nature of the CNTs synthesized at this 
high temperature. 
 
3.1.2. Study 2: Long reaction path length (Two furnaces with catalyst and  
 carbon source mixed in one boat) 
Observations made during Study 1 led to the conclusion that the heated reaction 
zone was insufficient, as a large quantity of gaseous material/particulates could be 
seen exiting from the one furnace system and the vast majority of catalyst/carbon 
source during the reaction was not being converted to product. For this reason the 
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set–up was changed to increase the reaction path length by adding a second 
furnace to the system where the gaseous material/particulates had exited before. 
The furnaces were labeled A and B (with the flow of gas in the direction of 
furnace A to furnace B), and the temperature of furnace A (in which the boat was 
placed) was kept constant at 850ºC. The temperature of furnace B was varied i.e. 
850ºC, 950ºC, 1050ºC as explained in Chapter 2 (section 2.2.1.2). The aim of this 
study was two–fold. Firstly, the effect of an increased path length of the reaction 
zone on the percent mass of product was being investigated. Secondly, to establish 
if the “unreacted” material exiting from furnace A (kept at a constant 
temperature), could then be reacted in furnace B (at varying temperatures). The 
reason why furnace A was maintained at a constant temperature of 850ºC was 
because it was clear from study 1 that 850ºC was the lowest temperature at which 
a reasonable mass percent of product was obtained. 
 
When both furnace A and furnace B were at a temperature of 850ºC the mass of 
product that was obtained tripled, compared to when a shorter reaction path length 
was used, at the same temperature (Fig 3.3). Effectively, by keeping the 
temperature of both furnaces constant the path length of the reaction zone 
increased, which caused an increase in the mass percent of product synthesized. 
Also, as the temperature of furnace B increased from 850ºC, 950ºC and 1050ºC, 
the mass percent of product synthesized, increased (Fig. 3.3). There appears to be 
a linear relationship between the temperature and product yield, but as shown in 
the next study, Study 3 (where the catalyst and carbon source were separated into 
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two boats instead of being mixed in one boat), this trend holds true only up to a 
limit (Fig. 3.5). 
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Fig. 3.3 The effect of a longer reaction path length with furnace A at a constant 
temperature of 850ºC and furnace B at variable temperatures upon mass percent 
of product obtained 
 
3.1.2 (ii). TEM analysis 
The nanotubes synthesized at 850ºC (Fig. 3.4 a) in this study are very similar in 
structure and diameter, to the nanotubes synthesized at 850ºC using a single 
furnace (Fig. 3.2 a). In Study 1 and Study 2, the average external diameter of the 
nanotubes synthesized was 33 nm and 34 nm, respectively. 
 
When furnace B increased to a temperature of 950ºC, it was evident that the ends 
of the some of the CNTs appeared to have metal nanoparticles (most probably 
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iron) attached to them (Fig. 3.4 b). In some instances, the metal nanoparticle was 
found not only at the tip of the tubes, but also within the cavity of the tubes. This 
suggests that the nanotubes could be undergoing two types of growth mechanisms 
i.e. the base growth and the tip growth mechanism (see Chapter 1, section 1.3). 
 
A TEM image of the tubes synthesized when furnace B was at a temperature of 
1050ºC is shown in Fig. 3.4 c. This image shows one of the nanotubes that has a 
ribbon-like structure which was inconsistent with the remaining structure of the 
tubes synthesized in this project. The outer diameter of the tubes synthesized 
increased as the temperature of furnace B increased from 850ºC to 1050ºC 
(furnace A maintained at a constant temperature of 850ºC) and was similar to the 
nanotubes synthesized in Study 1 (short reaction path length) at the respective 
reaction temperatures. These results obtained indicated that an increased reaction 
path length caused an increase in the mass percent of product obtained, but had no 
effect on the external diameter of the tubes synthesized. 
(a)      (b) 
 
 
 
 
 
 
metal at end of tube  
metal embedded within the tube 
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(c) 
 
 
 
 
 
 
 
MWNT forming a ribbon-like structure 
Fig. 3.4 a-c TEM images of MWNTs synthesized using a longer reaction path 
length with the temperature of furnace A at a constant temperature of 850ºC and 
furnace B at variable temperatures i.e. a.850ºC, b.950ºC and c.1050ºC 
 
3.1.3. Study 3: Long reaction path length, separated catalyst and carbon  
 source with varying furnace B temperature 
Results obtained from Study 2, suggested that increasing the path length of the 
reactor while maintaining the reactants in a restricted area (using a single boat), 
increased the quantity of product obtained, but had little effect on their quality. In 
this study, two furnaces were used (similar to Study 2), but instead of the catalyst 
and carbon source being mixed together in one boat, here camphor and ferrocene 
were placed in two separate boats. During the reaction, similar to the experimental 
set–up in Study 2, the boats were both situated in the middle of furnace A (right 
next to each other) with the camphor being closer to the entrance of furnace A 
(see Chapter 2.2.1.3). The reason for separating the catalyst and carbon source 
 53
was to investigate the effect this would have on the mass percent of product 
obtained, and the effect it would have on the diameter of the tubes synthesized. 
 
The mass of product (expressed as a percentage relative to the reactant mass) 
synthesized increased as the temperature of furnace B increased (Fig. 3.5), similar 
to the trend observed in Study 2, but as the temperature increased to beyond 
950ºC, there was a decrease in the mass percent of the product. The increase in 
mass percent of product obtained was significant because at 850ºC there was a 2% 
increase compared to results from Study 2, but at 950ºC there was a 5.5% 
increase. The decrease in the mass percent of product at 1050ºC compared to 
Study 2 could be due to the fact that both camphor and ferrocene vaporize faster 
when isolated compared to when they are present as a mixture with one another. 
As a result, camphor and ferrocene, whilst still in the vapor phase, could be 
carried out of the reactor by the carrier gas before the reaction could be 
completed.  
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Fig. 3.5 The effect of a longer reaction path length and the catalyst and carbon 
source separated using two boats with furnace A at a constant temperature and 
furnace B at variable temperature upon mass percent of product obtained 
 
3.1.3 (i). TEM analysis 
Amorphous carbon was present in all the samples that were obtained at the 
various reaction temperatures (Fig 3.6 a–c), and from TEM analysis it was shown 
that the amorphous carbon content decreased as the temperature of furnace B 
increased. 
 
It was also noticed that better quality tubes (i.e. less amorphous carbon) could be 
seen in products obtained when the temperature of furnace B increased to 1050ºC. 
When the temperature of furnace B increased from 850ºC to 1050ºC, the average 
outer diameter of the tubes increased as the temperature increased from 850ºC to 
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950ºC and then decreased as the temperature increased to 1050ºC, which is only 
partially consistent with results reported by other researchers, as discussed in 
section 3.1.1 a. 
(a)      (b) 
 
 
 
 
 
 
 
Amorphous carbon 
(c) 
 
 
Amorphous carbon 
  
 
 
Fig. 3.6 TEM images of MWNTs synthesized using a longer reaction path length 
and separating the catalyst and carbon source with the temperature of furnace A at 
a constant temperature of 850ºC and furnace B at variable temperatures i.e. 
a.850ºC, b.950ºC and c.1050ºC 
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3.1.4 Study 4: Long reaction path length, separated catalyst and carbon 
source with varying furnace A temperature 
The outcome from Study 3 suggested that when the temperature of furnace B 
(where product was expected to form) and furnace A (where the boats were 
placed) was maintained at 950ºC and 850ºC respectively, the highest yield of 
product was obtained. An investigation therefore, of the effect of keeping the 
temperature of furnace B constant at 950ºC and varying the temperature of 
furnace A (200ºC–450ºC) was investigated. The reason for choosing to investigate 
relatively low temperatures for furnace A (boats containing ferrocene and 
camphor), was to determine what effect the rate of vaporization of camphor and 
ferrocene would have on the products synthesized, in a similar manner to a study 
carried out by M. Kumar and Y. Ando.7 
 
As shown in Fig.3.7, the mass percent of product decreased with an increase in 
the temperature of furnace A. However, a greater proportion of nanotubes were 
found at higher temperatures, despite the lower overall yield. One reason for this 
observation could be that the catalyst did not vaporize completely at lower 
reaction temperatures and hence less catalyst was present together with the 
vaporized camphor for the reaction, resulting in the formation of a larger quantity 
of amorphous carbon and a smaller quantity of nanotubes. Carbon spheres were 
not synthesized at a vaporization temperature of 200ºC, but were synthesized at 
250ºC and are believed to be formed by the pairing of pentagonal and heptagonal 
carbon rings, as suggested by Z. L. Wang and Z. C. Kang.8 The reason for this 
could be that the low percent of carbon and ferrocene that did vaporize reacted to 
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form a small amount of carbon nanotubes, and because the vaporized catalyst was 
already used, carbon spheres were synthesized from the remaining carbon source. 
Another possibility could have been that initially the vapor pressure of camphor at 
250ºC exceeded that of ferrocene, such that more carbon spheres were synthesized 
compared to CNTs. Carbon spheres have been previously synthesized using a two 
stage furnace, various carrier gases, including N2 and toluene (carbon source) 
without the presence of a catalyst, similar to the experimental set–up in this 
project.9 Here, toluene was vaporized at 200ºC in the one furnace (similar to 
furnace A in this project, where vaporization occurred) and product collected in 
the second furnace (1097ºC) (similar to furnace B in this project, where product 
was collected). It was concluded from that study that the carbon spheres were 
synthesized without the presence of a catalyst and that the diameter of the spheres 
could be controlled by controlling the composition of the carrier gas.9  
 
As the temperature of A increased from 300ºC to 450ºC, it appeared that all of the 
catalyst vaporized and reacted with the camphor to form carbon nanotubes (Fig. 
3.8 c and d). The decrease in mass percent of product obtained (Fig. 3.7) as the 
temperature of furnace A increased from 300ºC to 450ºC, could be because the 
vapors of ferrocene and camphor left the reactor before reacting. Evidence for this 
was observed during the reaction where a white cloud of vapors was observed 
exiting the reactor through furnace B. As the temperature of furnace A further 
increased to 850ºC, the mass of product obtained in furnace B (at 950ºC) 
increased due to more of the vapors of ferrocene and camphor being converted to 
product before exiting the reactor. 
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Fig. 3.7 The effect of a longer reaction path length and separating the catalyst and 
carbon source using two boats with furnace A at variable temperatures and 
furnace B at a constant temperature upon mass percent of product obtained 
 
3.1.4 (i) TEM analysis 
TEM images shown in Fig. 3.8 a-d indicate that MWNTs were synthesized at the 
various temperatures. A mixture of products was obtained when the temperatures 
of furnace A and furnace B were at 250ºC and 950ºC respectively (Fig 3.8 b). 
Here, nanotubes together with carbon spheres were synthesized. 
 
Nanoparticles of metal (probably iron) were found attached to the ends of some of 
the nanotubes (Fig. 3.8 c and d), suggesting that either the base or the tip growth 
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mechanisms were in operation during the synthesis of CNTs. A small portion of 
one of the CNTs in Fig. 3.8 c was filled with metal. 
 
At a vaporization temperature of 200ºC and 250ºC, the average outer diameter of 
the CNTs synthesized remained constant at 30nm. When the vaporization 
temperature increased to 300ºC, the average external diameter of the CNTs 
synthesized also increased to 56nm. A further increase in the vaporization 
temperature (450ºC) caused a decrease in the average external diameter of the 
CNTs synthesized i.e. 25nm. When the temperature of furnace A was maintained 
at 850ºC, the average external diameter of the tubes synthesized was 45nm. 
As a general trend from 200ºC to 850ºC the diameter of the tubes increased with 
some fluctuation in between, and this could possibly be due to sintering of the 
catalyst particle. 
(a)      (b) 
 
 
 
 
 
 
 
carbon spheres 
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 (c)      (d) 
 
 
 
 
 
 
 
 
Tube filled with metal (most likely iron) 
 
    Metal (most likely iron) at the end of the tubes 
Fig. 3.8 Product obtained using a longer reaction path length and catalyst and 
carbon source separated using two boats with furnace A at variable temperatures 
i.e. a. 200ºC, b. 250ºC, c. 300ºC, d. 450ºC and furnace B at 
a constant temperature of 950ºC  
 
3.1.5. Summary 
– An increase in the reaction temperature caused an increase in the yield of 
product obtained when the short reaction path length was used. 
 
– At 850ºC, when the reaction path length doubled, it resulted in the mass 
percent of product being tripled. 
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– The separation of catalyst and carbon source into two boats as opposed to 
being mixed together in one boat only caused a slight increase/decrease in the 
mass percent of product obtained. This difference was considered to be 
insignificant. 
 
For the study that followed (i.e. the effect of various gases on CNTs synthesized 
at different mass percentages of ferrocene), a single furnace (at a reaction 
temperature of 1050ºC) was chosen for the synthesis of CNTs. While it was 
shown (Study 2) that the use of longer reaction path length (two furnaces) brought 
about a larger deposit of product, it was decided due to resource constraints and 
for cost effectiveness of the process, one furnace would be used in further studies. 
The reaction temperature of 1050ºC was used as it gave the best mass percent of 
product in all of the single furnace experiments. It should be noted that if the 
double furnace studies were to be conducted there would most likely have been an 
increased mass percent of product. Similarly, working with one furnace meant 
that there would always be another furnace for backup purposes. The catalyst and 
carbon source were placed in a single boat for the following study because as has 
now been shown, the effect of either mixing the catalyst and carbon source or 
separating them did not cause a significant increase or decrease in the mass 
percent of product obtained. Furthermore it was also more convenient to mix the 
camphor and ferrocene in a single boat. 
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3.2 The effect of various gases on the quality and quantity of the nanotubes 
synthesized from the reaction of camphor and variable mass percentages of 
ferrocene (Study 5) 
In this study, a mixture of the catalyst and carbon source in one boat together with 
a single furnace was used for the reaction between camphor and ferrocene at 
1050ºC. Firstly, the effect of various carrier gases namely argon, nitrogen and an 
argon/hydrogen mixture were investigated on the quality and quantity of products 
synthesized and secondly, the effect of increasing the mass percent of ferrocene 
was investigated. The effect of the reaction atmosphere was investigated because 
it has been previously shown by H. Yu et.al that the type and quality of products 
synthesized using CCVD could vary. In their study it was reported that whilst 
other parameters were kept constant, SWNTs were synthesized in an argon 
atmosphere and MWNTs were synthesized in a nitrogen atmosphere from iron 
supported on MgO.10 The effect of various mass percents of ferrocene was also 
investigated in this study (Study 5) as specific mass percentages of this catalyst in 
particular, are known to affect the quality and diameter of nanotubes synthesized 
as has been reported by X. Bai et.al.11 
 
A summary of some of the products synthesized using different carrier gases at a 
range of mass percentages of ferrocene are indicated in Table 3.2. As shown, the 
crystallinity and external diameters of the CNTs synthesized did vary with the 
different mass percentages of ferrocene and carrier gases used and are discussed 
in more detail in sections 3.2.1, 3.2.2 and 3.2.5. 
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Table 3.2: Products obtained using a range of carrier gases 
% (m/m) 
ferrocene 
Gas Products Crystallinity 
of CNTs 
(from Raman 
data) 
Average external 
diameter of 
CNTs (nm) 
1% N2 
Ar/H2 
Ar 
MWNTs+ carbon spheres 
MWNTs+ carbon spheres 
MWNTs+ carbon spheres  
Poor 
Poor 
Poor 
208.85  
55.66 
48.52 
30% N2 
Ar/H2 
Ar 
MWNTs 
MWNTs 
MWNTs 
Medium  
Good 
Good 
32.98 
25.43 
29.46 
50% N2 
Ar/H2 
Ar 
MWNTs 
MWNTs 
MWNTs 
Medium 
Good 
Medium 
30.91 
19.87 
30.82 
 
 
A plot of the mass percentages of catalyst/carbon source versus the percent mass 
of product was made and the effect of various carrier gases on the percent mass of 
product obtained can be seen in Fig. 3.9. The point at a mass percent ferrocene of 
30 % was chosen to test the validity of the result obtained and the error was found 
to be within 3 %. Due to time constraints, this was the only point that was 
reproduced and the variation of the error in the points within the trends was 
assumed to be the same. 
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Fig. 3.9 The effect of a short reaction path length with the catalyst and carbon 
source mixed in one boat under a range of inert atmospheres and a variety of mass 
percentages of ferrocene upon mass percent of product obtained at 1050ºC 
 
The mass of product obtained for various reactions between camphor and at any 
given mass percent of ferrocene was affected by the type of carrier gas used, as 
shown in Fig. 3.9. Nitrogen as the carrier gas seemed to produce the greatest mass 
percent of product as shown in Fig. 3.9, with the argon/hydrogen mixture 
producing the least mass percent of product. 
 
A recent study showed that a N2 treated plasma improved carbon diffusion into 
the catalyst by changing the surface of the catalyst particle, and therefore 
promoting the synthesis of CNTs.12 This could be an explanation as to why in this 
study, the greatest mass percent of product was observed in the presence of N2. 
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The effect of H2 as opposed to He for the synthesis of CNTs using arc–discharge 
has been reported, and it was shown here that less product was obtained with H2 
as compared to He.13 This result was thought to have been due to the H2 (a 
reducing gas) that may have hydrogenated some the products which exited the 
reactor, which could then account for the lower mass percentage of product 
obtained in an Ar/H2 atmosphere (Study 5). 
 
As the mass percent of ferrocene increased, there was an increase in the percent 
mass of product obtained (Fig. 3.9) This increase in mass of product may have 
been due to an increase in the iron content that was deposited within the 
synthesized CNTs as the mass percent ferrocene increased, and may have not 
necessarily been an indication of an increase in the amount of CNTs synthesized 
(as suggested by TGA). However, this is further discussed in section 3.2.4. 
 
All of the products that were synthesized at various mass percentages of 
ferrocene, using different carrier gases were analyzed using TEM, TGA and 
Raman spectroscopy. TEM was used to identify the type of product obtained i.e. 
CNTs or carbon spheres. The use of TGA gave an indication of the amount of 
metal (most probably iron) in the sample, as this tended to remain as a residue 
after the analysis and Raman spectroscopy was used to indicate the amount of 
amorphous carbon present in the sample as well as the crystallinity of the 
synthesized nanotubes.  
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3.2.1 TEM analysis 
3.2.1(i). Nitrogen as the carrier gas 
TEM images of products synthesized at various mass percentages of ferrocene 
using nitrogen as the carrier gas are shown in Fig. 3.10. a–f. When 0% ferrocene 
(i.e. only camphor) was used for the reaction (Fig. 3.10 a), carbon spheres were 
synthesized instead of carbon nanotubes. This result indicated that ferrocene 
needed to be present for the reaction to be catalyzed; otherwise carbon spheres 
would be formed instead of carbon nanotubes. Although the mechanism for the 
growth of carbon spheres from camphor is not clear, H. Qian et.al. have 
previously explained that carbon spheres synthesized from toluene are formed by 
the pairing of pentagonal and heptagonal carbon rings. In this study, a two furnace 
system (furnace temperature were 200ºC and 1097ºC) was used and various 
carrier gases including nitrogen were used.9 
 
At 1% ferrocene (Fig. 3.10 b), most of the sample contained carbon spheres, but a 
few carbon nanotubes were observed. In this case, a very small amount of catalyst 
material was present, but clearly the mass percent of catalyst needed for CNT 
synthesis was greater than 1 percent. Of interest is that one of the nanotubes 
formed under these conditions i.e. 1%(m/m) ferrocene appeared to be bamboo-
like (Fig. 3.10 b). 
 
As the mass percent of ferrocene increased to 10%, 30% and 50%, the catalyst 
content as well as the carbon source increased. Images shown in Fig. 3.10 c–e 
show that carbon spheres were not synthesized at these mass percentages of 
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ferrocene, as would be expected, due to the increase in mass percent of catalyst 
(refer to the discussion in section 3.1.4). Instead, MWNTs of varying diameters 
were synthesized. 
 
Similarly to the 1% mass of ferrocene a nanotube with a bamboo–like structure 
(shown by arrow A in Fig. 3.10 f), was synthesized at 100% (m/m) ferrocene. C. 
J. Lee et.al. have reported that the presence of N2 as the carrier gas produced 
bamboo–like nanotube structures and that a base growth mechanism was involved 
in their synthesis.14 However, from the results obtained in this study (Study 5) it 
was unlikely to be the only mechanism as metal particles were found in the tips of 
many of the structures. On the other hand C. Tang et.al reported that 
compartment–like nanotubes synthesized in the presence of nitrogen were doped 
with atomic nitrogen, as confirmed using X–ray photoelectron spectroscopy 
(XPS) and EELS.15 As these analyses were not able to be carried out in this study 
(Study 5), it was unclear if atomic nitrogen was incorporated in these CNTs. The 
electrical and mechanical properties of nitrogen–doped CNTs have been shown to 
have enhanced after doping15, and for this reason further studies regarding these 
types of nanotubes should be investigated. 
 
In a similar manner to a study in which metal was found in some of the nanotubes 
that were synthesized from ferrocene, in this study (Study 5) when nitrogen was 
the carrier gas used, metal was embedded in the bamboo–like structure as 
indicated by arrow B in Fig. 3.10 f.16  
 
 68
(a)      (b) 
 
 
 
 
 
Fc 0%      Fc 1% 
(c)      (d) 
 
 
 
 
 
 Fc 10%     Fc 30% 
(e)      (f) 
 
 
      
B  (Metal embedded 
in tube) 
A  (Bamboo-like 
structure)  
 
 
 Fc 50%    Fc 100% 
Fig. 3.10 a-f TEM of products obtained using various mass percentages of 
ferrocene in a nitrogen atmosphere 
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3.2.1 (ii). Argon/Hydrogen mixture as carrier gas 
Similar to the products synthesized using nitrogen as the carrier gas, the 
argon/hydrogen mixture as the carrier gas at 0%(m/m) ferrocene produced only 
carbon spheres (Fig. 3.11 a). Again, no metal was present to catalyze the nanotube 
growth. 
 
At 1%(m/m) ferrocene, a mixture of products was obtained i.e. carbon nanotubes 
together with carbon spheres. In some cases under these conditions, the entire tube 
was filled with metal (most likely iron) as could be observed in the CNT in Fig. 
3.11 b and evidence for this is presented in section 3.2.4, in which the TGA 
results of this study are discussed. 
 
Amorphous carbon {confirmed by Raman analysis-section 3.2.5 (ii)} was present 
in samples obtained from the reaction of camphor and ferrocene with mass 
percentages of ferrocene of 10% and 30%, Fig. 3.11 c and 3.11 d, respectively. In 
addition to this, a large number of CNTs were also observed. 
 
TEM images of the products obtained when the mass percent of ferrocene was 
50% showed clearly that carbon nanotubes were synthesized and that metal 
particles (most likely iron) of varying diameters were dispersed within the sample 
(Fig. 3.11 e). This also explains the reason why the CNTs that formed were of 
varying diameter, because as explained before the metal particle catalyzes the 
growth of CNTs {see section 3.1.1(i)}. In a study, using the CCVD technique, it 
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was shown that the size of the catalyst determined the diameter of CNTs that were 
synthesized.17 
 
At a mass percent ferrocene of 100%, the metal particles (probably iron) could 
also be clearly seen in Fig. 3.11 f. Here, metal particles were seen within the 
CNTs as well as at the end of the CNTs, again showing that both mechanisms, i.e. 
the base grow and the tip growth could have been in operation (refer to chapter 1, 
section 1.3). 
(a)    (b) 
 
 
 
 
 
Fc 0%(m/m)    Fc 1%(m/m) 
   Cavity of tube filled with metal 
(c)   (d) 
 
 
 
 
  
 Fc 10%(m/m)    Fc 30%(m/m) 
 Amorphous carbon 
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(e)   (f) 
 
 
 
 
 
 
 Fc 50%(m/m)    Fc 100%(m/m) 
 Metal particles of varying   metal particle at end of tube 
 diameters 
Fig. 3.11 a-f TEM of products obtained using various mass percentages of 
ferrocene in an argon/hydrogen atmosphere 
 
3.2.1 (iii). Argon as a carrier gas 
In a similar manner to what was observed with other carrier gases i.e. nitrogen and 
argon/hydrogen, carbon spheres of varying external diameters were synthesized 
(Fig. 3.12 b) at 0%(m/m) ferrocene in argon. Similarly, at 1%(m/m) ferrocene, 
MWNTs, together with amorphous carbon (Fig. 3.12 b) were synthesized. Carbon 
spheres were also synthesized at 1%(m/m) ferrocene, however, the average 
external diameter of these carbon spheres synthesized at 1%(m/m) were smaller 
compared to the carbon spheres synthesized at 0% (m/m) ferrocene in argon. This 
trend also occurred for nitrogen an argon/hydrogen and is further discussed in 
section 3.2.3. 
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Amongst the products synthesized at 10%(m/m) ferrocene, was a well defined 
MWNT nanotube (Fig. 3.12 c). Amorphous carbon was present in samples where 
the mass percentages of ferrocene were 30% and 50% (Fig. 3.12 d and e 
respectively). The CNTs that were synthesized at these mass percentages were 
also of variable length and diameter. 
 
Of particular interest from the CNTs synthesized at 100%(m/m) ferrocene, was a 
CNT that had a metal (most likely iron) filled cavity, as could be observed in   
Fig. 3.12 f. The reason why some of the CNT cavities were filled with metal could 
be due to the excess iron from the ferrocene and limited carbon source. 
 
 
 
(a)       (b) 
 
 
 
 
 
 
 
 Fc 0%(m/m)    Fc 1%(m/m) 
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(c)   (d) 
 
 
 
 
 
 
 
 Fc 10%(m/m)    Fc 30%(m/m) 
 Well defined nanotube 
(e)   (f) 
 
 
 
 
 
 
 
 Fc 50%(m/m)    Fc 100%(m/m) 
      Cavity of tube filled with  
      metal 
Metal at end of tube, which extends into tube cavity 
Fig 3.12 a-f TEM of products obtained using various mass percentages of 
ferrocene in an argon atmosphere 
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3.2.1 (iv) Summary 
– When the mass percent of ferrocene was 0%, only carbon spheres were 
synthesized, irrespective of the carrier gas used. 
 
– Also, regardless of the carrier gas used, a mixture of carbon spheres and CNTs 
were synthesized at 1%(m/m) ferrocene, but majority of the sample contained 
carbon spheres. At 10%(m/m) ferrocene, carbon spheres were no longer 
synthesized. 
 
– A further increase in the mass percent of ferrocene, led to the synthesis of CNTs 
only, and some of these CNTs had metal (most likely iron) attached at the ends 
or also within the cavity of the CNTs which confirmed that this metal most 
likely catalyzed the growth of CNTs. 
 
– From the carrier gases used, the greatest mass percentage of product was 
obtained with nitrogen, irrespective of the mass percentages of ferrocene. 
 
– In a nitrogen atmosphere only, bamboo–like (segmented) CNT structures were 
synthesized. 
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3.2.2 Variation in external tube diameters with increasing mass percentages 
of ferrocene  
3.2.2 (i) External diameter distribution of nanotubes synthesized in a 
nitrogen atmosphere 
The external diameter distribution of the CNTs in all cases was calculated from 
measurements taken directly from the TEM images. The use of nitrogen as the 
carrier gas in the synthesis of CNTs from ferrocene and camphor showed that 
CNTs with the smallest external diameters were synthesized at 30%(m/m) 
ferrocene (Fig. 3.13). The external diameters of most of the nanotubes synthesized 
at this mass percent of ferrocene were in the range of 21–40nm. At 50%(m/m) and 
100%(m/m) ferrocene, the external diameters of the nanotubes synthesized ranged 
from 1–80nm, however, the majority were in the diameter range of          1–20nm.  
0
10
20
30
40
50
60
70
80
nu
m
be
r o
f t
ub
es
 
1-20 21-
40
41-
60
61-
80
81-
100
101-
120
121-
140
141-
180
181-
260
261-
280
281-
400
401-
500
tube diameters (nm)
External tube diameters of samples at various ferrocene 
concentrations synthesized in a nitrogen atmosphere
100% Fc in  N2
50% Fc in  N2
30% Fc in  N2
10% Fc in  N2
1% Fc in N2
 
Fig.3.13 Tube diameters of nanotubes at various mass percentages of ferrocene in 
a nitrogen atmosphere 
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3.2.2 (ii) External diameter distribution of nanotubes synthesized in an 
argon/hydrogen atmosphere 
At 30%(m/m) , 50%(m/m) and 100%(m/m) ferrocene, the external diameters of 
nanotubes synthesized ranged from between 1–60nm, as shown in Fig. 3.14. The 
largest quantity of CNTs synthesized at 30%(m/m) and 50%(m/m) ferrocene, 
ranged in external diameters from between 1–20nm, whilst at 100%(m/m) 
ferrocene, they ranged between 21–40nm. In a N2 atmosphere however, where 
only ferrocene was used (i.e. 100%(m/m)), the external diameters of most of 
CNTs synthesized ranged from between 1–20nm. A study conducted on the 
synthesis of nanotubes by a thermal plasma jet indicated that the presence of H2 
affected the external diameter of CNTs that were synthesized by causing an 
increased external diameter of between 1nm to 4nm. This was attributed to the 
increase in catalyst particle size, but the exact mechanism was not studied.18 
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Fig. 3.14 Tube diameters of nanotubes at various mass percentages of ferrocene in 
an argon/hydrogen atmosphere 
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3.2.2 (iii). External diameter distribution of nanotubes synthesized in an 
argon atmosphere 
 
The external tube diameter distribution (nm) of CNTs synthesized from the 
reaction of camphor and ferrocene in an argon atmosphere is shown in Fig. 
3.15.and illustrated that the external diameters of these CNTs decreased as the 
mass percent of ferrocene increased. This was in contradiction with F. Lupo et.al, 
as they discovered that increasing the ferrocene concentration in the synthesis of 
CNTs caused an increase in the diameter of the CNTs synthesized and one of the 
reasons for this could be that in their study, ethanol was the carbon source used 
and the reaction temperature was 950ºC which was not the case in Study 5.19 
 
At 1%(m/m) ferrocene, the largest quantity of CNTs were found to have external 
diameters in the range of between 281–400nm. When the mass percent of 
ferrocene was 30%(m/m) and 50%(m/m), the greatest number of CNTs were 
found to have external tube diameters in the region of 41–60nm and 21–40nm, 
respectively. Similar to the observations made when argon/hydrogen was used as 
the carrier gas together with 100%(m/m) ferrocene, the external diameters of the 
CNTs synthesized ranged between 1–40nm, with the greatest number of CNTs 
being synthesized in the region of 21–40nm. 
 78
020
40
60
80
100
120
140
nu
m
be
r o
f t
ub
es
1-20 21-40 41-60 61-80 81-
100
101-
120
121-
140
141-
180
181-
260
261-
280
281-
400
401-
500
tube diameters (nm)
External tube diameters at various ferrocene concentrations synthesized 
in an argon atmosphere
100% Fc in  Ar
50% Fc in Ar
30% Fc in Ar
10% Fc in  Ar
1% Fc in Ar
 
Fig.3.15 Tube diameters of nanotubes at various mass percentages of ferrocene in 
an argon atmosphere 
 
 
3.2.2 (iv). Summary 
– CNTs with the smallest external diameters were synthesized in an Ar/H2 
atmosphere 
 
– The external diameters of carbon nanotubes synthesized at various mass 
percentages of ferrocene decreased with increased mass percentages of ferrocene, 
irrespective of the carrier gas used.  
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– Using this method for the synthesis of carbon nanotubes with a specific carrier 
gas together with the correct mass percentage of ferrocene, it should be possible to 
control the external diameter of the CNTs for particular applications that may be 
required. 
 
3.2.3 Formation of carbon spheres 
 
In these studies it was observed that carbon spheres were synthesized exclusively 
in the absence of the catalyst i.e. 0%(m/m) ferrocene, and in a mixture with CNTs 
when the mass percent of ferrocene was very small i.e. 1%(m/m). The most 
probable cause for CNTs having not being synthesized at 0%(m/m) ferrocene was 
the absence of the metal particle to catalyze the growth of CNTs (refer to chapter, 
section 1.1). The results obtained indicated that while the type of carrier gas used 
at specific mass percentages of ferrocene, did not greatly affect the external CNT 
diameters, it did affect the diameter distribution of the carbon spheres. Here it was 
observed in general, that when the mass percent of ferrocene increased from 
0%(m/m) to 1%(m/m) the diameters of the carbon spheres decreased.  
 
3.2.3 (i). Diameter distribution of carbon spheres synthesized in a nitrogen 
atmosphere 
 
As shown in Fig. 3.16 the carbon spheres synthesized at a mass percent ferrocene 
0% in a nitrogen atmosphere, had diameters that ranged from between            
201–800nm but the majority synthesized at this mass percent ferrocene were in 
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the region of 401–450nm. At 1%(m/m) ferrocene, carbon nanotubes as well as 
carbon spheres were synthesized and the diameters of majority of these carbon 
spheres were in the region of 501–550nm, unlike in an argon/hydrogen 
atmosphere where the diameter of most of the carbon spheres were smaller i.e. 
between 351–400nm. 
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Fig. 3.16 Diameter distribution of carbon spheres in a nitrogen atmosphere 
 
3.2.3 (ii). Diameter distribution of carbon spheres in an argon/hydrogen 
atmosphere 
 
At 0%(m/m) ferrocene, the diameter of the carbon spheres that were synthesized 
varied from 251-800 nm (Fig. 3.17). The diameters of most of the carbon spheres 
however, were in the diameter ranges of 251-300nm and 451-500nm. When the 
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mass percent of ferrocene was 1%, both nanotubes and carbon spheres were 
synthesized. The size range for the carbon spheres that were synthesized at this 
mass percent ferrocene was smaller than that synthesized at 0%(m/m) ferrocene 
and ranged from 251-400nm. 
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Fig. 3.17 Diameter distribution of carbon spheres in an argon/hydrogen 
atmosphere 
 
3.2.3 (iii). Diameter distribution of carbon spheres synthesized in an argon 
atmosphere 
 
In an argon atmosphere, the diameters of the carbon spheres that were synthesized 
at 0%(m/m), ranged from 301–900 nm (Fig. 3.18). The greatest number of carbon 
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spheres at this mass percentage of ferrocene was found in the diameter range of 
301–350nm unlike in an argon/hydrogen and nitrogen atmosphere where the 
greatest number of carbon spheres was found in the diameter range of             
451–500nm.  
At a 1%(m/m) ferrocene, the diameters of the carbon spheres ranged from 
115nm–650nm. The presence of a catalyst evidently initiated CNT growth as well 
as caused a decrease in the diameter of the carbon spheres synthesized. The 
presence of a small amount of catalyst, such as 1 % (m/m) ferrocene caused a 
decrease in the diameters of carbon spheres, it would be interesting in future 
studies to investigate the effect of using even smaller mass percentages of 
ferrocene i.e. 0.5%(m/m) to establish what effect this would have on the diameters 
of the carbon spheres. Depending on whether a catalyst was present (low mass 
percentages) or not, the diameter of carbon spheres could be controlled. It was 
however evident, that the larger the quantity of carbon source, the larger the 
diameter of carbon spheres. In the case where the mass percent of ferrocene was 
1%, a small percent of the carbon from the carbon source was used for nanotube 
production and the majority for the synthesis of carbon spheres. In a study where 
carbon spheres were synthesized using the pyrolysis technique with the 
hydrocarbon in the form of a liquid, it was found that as the feed time of the 
hydrocarbon increased, the diameter of the carbon spheres increased.20 From this 
study an increased feed time meant that that there was an increase in the quantity 
of the carbon source in the reaction. 
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Fig. 3.18 Diameter distribution of carbon spheres in an argon atmosphere 
 
3.2.3 (iv). Summary 
– The quantity of carbon spheres synthesized at 1%(m/m), depended on the type 
of carrier gas used. In a nitrogen atmosphere, the quantity of carbon spheres 
synthesized were minimal, whilst in argon/hydrogen and argon atmospheres a 
larger number of carbon spheres were synthesized (even though these carbon 
spheres had a wider diameter range i.e. from between 251–400nm and            
151–650nm, respectively). 
 
– The diameter of carbon spheres synthesized depended on carrier gas and the 
mass percent of ferrocene used. 
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3.2.4 Thermogravimetric analysis (TGA) as compared to selected Raman 
analysis 
 
TGA is an important technique used for confirmation of the type of carbon 
nanotubes synthesized. Information that could be obtained from TGA include: the 
quantity of graphitic, non–graphitic and non–carbonaceous materials synthesized.  
 
Raman spectroscopy is also important for characterization of carbon based 
materials, especially products containing carbon nanotubes. This characterization 
technique is explained briefly in Chapter 1 (section 1.4.2). Using Raman 
spectroscopy, the type of nanotubes i.e. SWNTs or MWNTs, as well as the degree 
of graphitization of the CNTs could be estimated. A ratio of the areas under the 
G–band and D–band (G/D) was obtained, and this ratio gave an indication of the 
degree of crystallinity of the products synthesized. Characterization of the 
products obtained using various carrier gases and various mass percentages of 
ferrocene, were performed using Raman spectroscopy.  
 
Below (Table 3.3) is a summary of a few of the results obtained from the analysis 
of products synthesized using various carrier gases. In particular, some of the 
results obtained from TGA and Raman spectroscopy are summarized, giving an 
insight on the quality of nanotubes synthesized. Detailed information on the 
Raman results is supplied in section 3.2.5. 
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For TGA, the temperature at half weight percent of sample was used for 
comparison of results as it was easier to obtain from the curve, rather than using 
the onset decomposition temperature of the sample. There appeared to be a 
decrease in the temperature at half weight percent of the sample as the mass 
percent of ferrocene increased from the TGA results. Similarly, the Raman 
analysis showed that as a general trend, the G/D ratio increased as the mass 
percent of ferrocene increased, indicating that the crystallinity of the materials 
increased with increased mass percentages of ferrocene. These results, together 
with results obtained at other mass percentages of ferrocene, are discussed in 
detail below. 
 
Table 3.3: Summary of results obtained from TGA and Raman analysis at selected 
mass percentages of ferrocene 
Carrier gas Temperatures at ½ weight % 
(ºC), TGA 
Crystallinity of CNTs in terms of gp/dp, 
Raman spectroscopy 
 
 1%(m/m) 30%(m/m) 50%(m/m) 1%(m/m) 30%(m/m) 50%(m/m) 
N2 700 540 520 0.83 1.50 1.97 
Ar/H2 570 600 530 1.28 2.67 2.63 
Ar 510 540 505 1.25 3.58 2.27 
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3.2.4 (i) TGA of products obtained from camphor and ferrocene at various 
mass percentages of ferrocene in a nitrogen atmosphere 
 
The TGA curves for samples obtained from camphor and ferrocene at various 
mass percentages of ferrocene are shown in Fig. 3.19. The temperature at which 
half the material decomposed, generally decreased as the mass percentage of 
ferrocene concentration increased (Table 3.4), except between 0 and 1%(m/m) 
ferrocene, where there was an increase in temperature at half weight percent of the 
sample. A possible reason for the increase in temperature at half weight percent of 
the sample from 0%(m/m) to 1%(m/m) could be related to the presence of the 
small quantity of carbon nanotubes (which are more crystalline compared to 
carbon spheres) synthesized at 1%(m/m) ferrocene, which were not synthesized at           
0%(m/m) ferrocene. As the mass percentage of ferrocene further increased from 
10 to100% (m/m) (Table 3.4) ferrocene, the temperature at half weight percent of 
sample generally decreased. It was also found from TGA that as the mass 
percentage of ferrocene increased the percent mass of the sample remaining after 
the analysis also increased. This increase could most probably be attributed to the 
metal remaining at the end of the analysis. While this could be true, when the 
mass percent of ferrocene was 0% (i.e. only camphor), the weight percent of 0.4% 
(Table 3.4) of sample remaining could possibly have been because of an impurity 
as no metal was present in the reaction. Metal nanoparticles within CNTs are been 
known to catalyze their decomposition.21 The decrease in temperature at half 
weight percent of the sample (1/2 weight %) {Table 3.4}, could thus possibly be 
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attributed to the increased metal content which allowed the decomposition of 
these CNTs to occur faster. 
 
The general trend from Raman analysis for products obtained using nitrogen 
showed that the G/D ratio increased as the mass percent of ferrocene increased 
(Fig. 3.25), indicating that the carbon materials became more graphitic. For this 
reason the temperature at half weight percent of the samples should have 
increased as more graphitic materials burn at higher temperatures. This lends 
support to the idea that the metal in the CNTs was catalyzing the decomposition. 
 
The small quantity of nanotubes synthesized at 1%(m/m) ferrocene showed no 
evidence of metal particles from TEM images, and the amount of Fe in these 
samples was insignificant, and thus could not have played a major role in the 
decomposition of the material. Raman analysis confirmed that at 0%(m/m) 
ferrocene, the products synthesized were less crystalline. However, TGA showed 
that these structures are quite stable and burn off at a higher temperature and this 
could be because these structures are dense. 
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-10
10
30
50
70
90
110
0 100 200 300 400 500 600 700 800 900
temperature/ 0C
w
ei
gh
t %
0% Fc in N2
1% Fc in N2
10% Fc in N2
30% Fc in N2
50% Fc in N2
100% Fc in N2
 
Fig. 3.19 TGA curves for products synthesized at various mass percentages of 
ferrocene in a nitrogen atmosphere 
 
A study involving the synthesis of MWNTs was carried out using injection CCVD 
with dilute and concentrated solutions of a cyclopentadienyliron dicarbonyl 
dimer.22 Here, TGA indicated that the Fe content increased when the dilute 
solution was used as compared to the concentrated solution. Also, it was observed 
that the external diameters of the CNTs synthesized were smaller at lower 
concentrations of the cyclopentadienyliron dicarbonyl dimer. These results were 
contrary to results obtained in Study 5 where the metal content in the sample 
increased as the mass percentage of ferrocene increased, whilst the external 
diameters of CNTs, decreased with increasing mass percentages of ferrocene. 
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These differences in results maybe due to variations in techniques and the iron 
precursor used. 
 
Table 3.4: Summary of important observations from Fig. 3.19 for products 
obtained in a nitrogen atmosphere 
 
Mass percent of 
ferrocene 
Temperature at ½ weight 
% 
Residual mass % 
0 % 670ºC 0.4 % 
   
1 % 700 ºC 4.0 % 
   
10. % 610 ºC 15.9 % 
   
30 % 540ºC 18.5 % 
   
50 % 520ºC 32.5 % 
   
100 % 500ºC 44.8 % 
 
 
3.2.4 (ii) TGA analysis of products obtained from camphor and ferrocene at 
various mass percentages of ferrocene in an argon/hydrogen atmosphere 
 
The TGA analysis of samples obtained from camphor and different mass 
percentages of ferrocene are shown in Fig. 3.20. A summary of the data obtained 
from the TGA curves for these samples is found in Table 3.5. At 0%(m/m) 
ferrocene, all the material burned off at approximately 600ºC in an Ar/H2 
atmosphere and at 800ºC in a nitrogen atmosphere. This difference in temperature 
could be due to the difference in the structure of the spheres that were synthesized 
in these reaction atmospheres. However, similar to the previous trend observed in 
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a nitrogen atmosphere, the temperature at half weight percent of the sample 
increased from 0% to 1%(m/m) ferrocene and then decreased as the mass 
percentage of ferrocene increased from 10% to 100%. The difference however 
was that at 1%(m/m) ferrocene in an Ar/H2 atmosphere, the quantity of metal 
(most probably iron) in the material tripled compared to when nitrogen was used 
as the carrier gas and this could because of the reducing atmosphere. Even though 
from TEM images, metal was not seen in the nanotubes, the spheres could have 
had metal embedded within their structure. Even though the general trend showed 
that the quantity of metal (most probably iron) in the sample increased with 
increased mass percentages of ferrocene, at 1% and 10%(m/m) ferrocene, this 
trend did not hold true as there was a slight decrease in the metal content at 10% 
compared to 1%. Also, unlike in a nitrogen atmosphere, at 50%(m/m) ferrocene, 
the increase in metal content in the sample was very slight, compared to 
30%(m/m) ferrocene and the reason for this was unclear, as the metal content was 
expected to have increased. Due to limitation of time, this result was not re–
analyzed. 
 
When the mass percentage of ferrocene was 100%, the quantity of metal within 
the samples indicated by the TGA result was similar for the carrier gases of 
nitrogen as well as argon/hydrogen. The TGA results therefore confirmed that the 
increased mass of nanotubes synthesized in a nitrogen atmosphere was due to an 
increase in the quantity of nanotubes and not due to due an increased quantity of 
metal in the CNTs, as was discussed in section 3.2. 
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TGA of Ar/H2 samples at various mass percentages of ferrocene
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Fig. 3.20 TGA curves for products synthesized at various mass percentages of 
ferrocene in an argon/hydrogen atmosphere 
 
Table 3.5: Summary of important observations from Fig. 3.20 for products 
obtained in an argon/hydrogen atmosphere 
Mass percentage of 
ferrocene 
Onset decomposition 
temperature 
Residual mass % 
0% 520ºC 0.3% 
   
1% 570ºC 12.0% 
   
10% 570ºC 11.7% 
   
30% 600ºC 19.9% 
   
50% 530ºC 20.2% 
   
100% 510ºC 47. % 
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3.2.4 (iii) TGA analysis of products obtained from camphor and ferrocene at 
various mass percentages of ferrocene in an argon atmosphere 
 
TGA analysis of products synthesized from camphor and different mass 
percentages of ferrocene in an argon atmosphere are shown in Fig.3.21 and 
interpretations (as before) of these curves are simplified in Table 3.6. In this study 
in which argon was used as the carrier gas, TGA was not conducted for the 
products obtained when the two extreme mass percentages of ferrocene were used 
i.e. 1% and 100%, due to unavailability of the instrument. The trend that was 
observed for the samples analysed, with the temperature at half weight percent of 
the sample and the metal content within the samples at the other mass percentages 
of ferrocene was very similar to results obtained in nitrogen and argon/hydrogen. 
An interesting observation was made in this study concerning the metal content 
within the sample at 10%(m/m) ferrocene. In both nitrogen and argon/hydrogen at 
10%(m/m) ferrocene the metal content within the samples were 15.9% and 11.7%, 
respectively whereas in argon, the metal content is as low as 0.3%. This could be 
an indication that the reaction atmosphere affects not only the external diameter of 
the CNTs synthesized, but also the metal content within the CNTs. The reason 
why the metal content in an argon atmosphere at 10%(m/m) was so low is not 
very clear, but it could be because the interaction between the iron and argon does 
not allow for the incorporation of the metal in the CNTs. Unlike in a nitrogen 
atmosphere, where the nitrogen actually facilitates the growth of nanotubes and 
maybe also the incorporation of the metal in the CNTs, because of its interaction 
with the metal particle, as previously discussed. 
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 TGA of samples in Ar at various mass percentages of ferrocene
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Fig. 3.21 TGA curves for products synthesized at various mass percentages of 
ferrocene in an argon atmosphere 
 
Table 3.6: Summary of important observations from Fig. 3.21 for products 
obtained in an argon atmosphere 
 
Mass percentages of 
ferrocene  
Onset decomposition 
temperature 
Residual mass %) 
1% 510ºC 0.3% 
   
10% 510ºC 0.3% 
   
30% 540ºC 18.5 % 
   
50% 505ºC 24.1% 
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3.2.4 (iv). Summary 
 
– The results obtained from TGA indicated that, irrespective of the carrier gas 
used, the temperature at half weight percent of the sample generally decreased 
with an increased mass percentage of ferrocene, whilst there was an increased 
metal content within the CNTs as the mass percentage of ferrocene increased. 
 
 
3.2.5 Raman Spectroscopy 
3.2.5 (i). Raman spectroscopy of products obtained from the reaction of 
camphor and various mass percentages of ferrocene in a nitrogen 
atmosphere 
 
As shown in Fig. 3.22, the mass percentage of ferrocene did have an effect on the 
quality of the CNTs synthesized. As the mass percentage of ferrocene increased 
from 0% to 100%, the peaks at wave–numbers 1360cm–1 and 1580cm–1, known as 
the D–band and G–band respectively, became more pronounced. The D–band is 
known as the defect peak and gives an indication of the defects within the sample 
whereas the G-band represents the graphitization present in the sample. If the 
nanotubes analyzed are highly crystalline, a second order D–band, also known as 
G′–band (2700cm–1) is seen on the Raman spectra. The presence of SWNTs in a 
sample are usually represented as a peak in the range of < 200cm–1 in the Raman 
spectrum. Clearly, from Fig 3.22 and from the rest of the Raman spectra, no such 
peaks were found indicating that SWNTs were not synthesized in this project.  
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Furthermore as the mass percentage of ferrocene increased, the general trend was 
that G/D also increased, which indicated that the graphicity of the products 
increased. This result was unlike that obtained by Raman analysis of MWNTs 
synthesized by CCVD of a cyclopentadienyl dimer (catalyst precursor), which 
showed that at lower concentrations of the dimer, the MWNTs synthesized 
became more crystalline.22 
 
The G′–band also became more pronounced as the mass percentage of ferrocene 
increased (Fig 3.22) {these analyses were done using the same conditions), whilst 
TEM results indicated that external diameters of CNTs synthesized decreased 
with an increase in the mass percentage of ferrocene. Although it was not 
confirmed in the literature, there may be an indirect relationship between the G′–
band and the external diameter of CNTs and this could be investigated in future 
studies. Also, from TGA of products obtained at 0% and 1%(m/m) ferrocene in 
N2 atmosphere there was a large temperature difference, however Raman analysis 
showed D and G peaks for all the samples. This could be because Raman analysis 
only indicates surface structure and functionalisation, whilst TGA gives 
information about the bulk material. 
 
The best quality (most crystalline) nanotubes synthesized in nitrogen was at a 
mass percentage ferrocene of 100% where the G/D ratio was calculated to be 2.14 
(Fig. 3.25). 
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Raman spectra of products from various mass percentages of ferrocene in 
a nitrogen atmosphere
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Fig. 3.22 Raman spectra of products obtained from the reaction camphor and 
ferrocene (various mass percentages) in a nitrogen atmosphere 
 
3.2.5. (ii). Raman spectroscopy of products obtained from the reaction of 
camphor and various mass percentages of ferrocene in an argon/hydrogen 
atmosphere 
  
The Raman spectra obtained from camphor and ferrocene at the various mass 
percentages of ferrocene in an argon/hydrogen atmosphere is shown in Fig. 3.23. 
Similar trends in Raman spectra were observed as compared to those when 
nitrogen was used as the carrier gas (Fig.3.22). When the reaction was conducted 
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with no ferrocene, the carbon spheres that had formed had a G/D ratio which was 
0.59. Carbon spheres (as illustrated by TEM) are generally known to be less 
crystalline than CNTs. As the mass percentage of ferrocene increased, the 
intensity of the G-band became more pronounced. This was an indication that 
CNTs were synthesized at increased mass percentages of ferrocene and that they 
were very graphitic, giving G/D ratios that ranged from 1.28 at 1%(m/m) to 1.73 
at 100%(m/m) ferrocene. CNTs produced at ferrocene mass percentages of 30% 
and 50%, were found to the most crystalline having G/D ratios of 2.67 and 2.63, 
respectively (Fig. 3.25). TEM analysis also showed that tubes decreased in 
diameter as the mass percentage of ferrocene increased (Fig. 3.14). From the G/D 
ratios, it was observed that better quality nanotubes were synthesized in an 
argon/hydrogen atmosphere at lower mass percentages of ferrocene compared 
when the reaction atmosphere was nitrogen. 
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Raman Spectra of products obtained at various mass percentages of 
ferrocene in an Ar-H2 atmosphere
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Fig.3.23 Raman spectra of products obtained from the reaction of camphor and 
ferrocene (various mass percentages) in an argon/hydrogen atmosphere 
 
3.2.5 (iii). Raman spectroscopy of products obtained from the reaction of 
camphor and various mass percentages of ferrocene in an argon atmosphere 
 
The Raman spectra of products obtained from the reaction of camphor and 
ferrocene in an argon atmosphere is shown in Fig. 3.24. At mass percentages of    
0%, 1% and 100% ferrocene, analyses of the samples to include information about 
the G′–band were not carried out to due unavailability of the instrument and time 
constraints, but it was assumed that the intensity of the G′–band increased as the 
mass percentage of ferrocene increased as has been seen before.  
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In an argon atmosphere, the best quality nanotubes were synthesized at               
30%(m/m) ferrocene, similar to the case where the reaction atmosphere was a 
mixture of argon and hydrogen. It was calculated from Raman data that the best 
quality nanotubes were synthesized in argon atmosphere at 30%(m/m) ferrocene 
compared to argon/hydrogen. The issue of the quality of CNTs that were 
synthesized is discussed in detail from the graph that follows (Fig. 3.25). 
Raman spectra at various mass percentages of ferrocene in an Ar 
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Fig. 3.24 Raman spectra of products obtained from the reaction of camphor and 
ferrocene (various mass percentages) in an argon atmosphere 
 
The quality of the CNTs synthesized from various mass percentages of ferrocene, 
using different carrier gases could very easily be assessed from the information 
obtained in Fig. 3.25. Here, the areas under the D and G bands from Raman 
spectra were obtained and the ratio of the G–band/D–band (i.e. G/D) were 
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calculated for these samples and plotted against the mass percentage of ferrocene, 
for ease of comparison. As seen before, the higher the G/D ratio, the more 
crystalline the product was. The general trend that was observed (Fig.3.25), for 
the product obtained in a nitrogen atmosphere was that the quality of nanotubes 
increased as the mass percentage of ferrocene increased such that the best quality 
nanotubes were synthesized at 100%(m/m). 
 
Even though better quality CNTs were synthesized in both argon and an 
argon/hydrogen atmosphere at a lower mass percentage of ferrocene, this mass 
percentage and these gases were not utilized for further studies. Instead, nitrogen 
was chosen as the reaction atmosphere and a mass percentage of 10% ferrocene 
was used for the next study involving the use of various catalyst supports. These 
conditions were chosen as the quality of the nanotubes was sufficiently good at  
10% (m/m) ferrocene and the difference in crystallinity of CNTs using different 
carrier gases, was relatively small. Also, at this mass percentage, ferrocene would 
still behave as a catalyst and nitrogen had been shown in previous studies to 
facilitate the growth of CNTs. 
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Fig. 3.25 The crystallinity of the products at various mass percentages of 
ferrocene using different carrier gases 
 
3.2.5 (iv) Summary 
– The best quality carbon nanotubes synthesized was at 30%(m/m) ferrocene, in 
Ar and Ar/H2 atmospheres, whereas in a N2 atmosphere, the best quality 
nanotubes were synthesized when the mass percentage of ferrocene was 100%. 
 
– At increased mass percentages of ferrocene, regardless of the reaction 
atmosphere, the G′–band became more pronounced indicating that the CNTs 
synthesized were more crystalline. 
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– No direct correlation could be made between the increases in G′–band and the 
CNT tube diameter distributions for these samples that were observed by TEM. 
 
3.3 The effect of various catalyst supports on the synthesis of nanotubes from 
the reaction of camphor and 10 %(m/m) ferrocene in a N2 atmosphere (Study 
6) 
 
For this study a short reaction path length was chosen, using one furnace, 
maintained at 1050ºC, and one boat containing a mixture of camphor and 
supported ferrocene with N2 as the carrier gas. These experimental conditions 
were chosen because observations made from the previous study illustrated that in 
a N2 atmosphere, the greatest mass percent of product was obtained. A ferrocene 
mass percent of 10% was chosen for the reactions in this study. Better quality 
nanotubes were synthesized at 50%(m/m) ferrocene, but this mass percent was not 
practical because a five times increase in the mass percent of the catalyst, only 
caused a slight increase in the quality of the nanotubes synthesized. Also, a mass 
percentage of 10% ferrocene could still be considered as a catalyst and a 
reasonable quantity of product was obtained at this mass percentage of ferrocene. 
The carbon nanotubes that had been synthesized up to this point were of various 
diameters and were not uniform. In order for carbon nanotubes to be useful to 
industries such as the electronics industry, they need to be uniform in diameter 
and length as well as highly ordered and pure without metal contamination, as this 
enhances their electrical properties. 
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This brief study was therefore designed in an attempt to synthesize such 
nanotubes by making use of various catalyst supports such as SiO2, MgO and 
Al2O3. These catalyst supports were chosen because they have been previously 
used for the synthesis of aligned carbon nanotubes (see Chapter 1) and also 
because of their availability in the laboratory. Analyses that were carried out in 
this study include BET and TEM. Dependence of the diameter of the nanotubes 
synthesized on the pore size of the catalyst support is also explained by A. C 
Dupuis in a review article.23 
 
3.3.1 Effect of various catalyst supports 
 
The graph below (Fig. 3.26) indicates that Al2O3 as a support gave more product 
than SiO2 even though the same amount of catalyst was loaded (section 2.2.3.1.1). 
Note the mass percent indicated by the graph is the total mass percent of the 
product. When Al2O3 was used as the catalyst support, materials were formed 
within the boat and on the walls of the reactor tube. When collected, about 1 % of 
the product came from the boat itself, whilst the remaining product came from the 
inner walls of the quartz reactor tube. With SiO2, the product obtained was formed 
within the boat only. The quantity of product obtained when MgO was used as the 
catalyst support was minute, and was not quantifiable. 
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Fig. 3.26 Mass percent of product obtained using various catalyst supports 
 
3.3.2 Characterization of the products obtained 
The catalyst support was characterized using BET, whilst the products obtained 
were characterized using TEM and High Resolution Transmission Electron 
Microscopy (HRTEM). Further investigation of the products was not carried out 
as results obtained from TEM indicated that CNTs were not successfully 
synthesized under the reaction conditions that were chosen. 
 
3.3.2.1 BET analysis 
From BET analysis information about the surface area and pore volume of the 
catalyst support was obtained. This information was important as the catalyst 
support determines the length and diameter of the tube that are synthesized.   
Table 3.7 shows the results that were obtained when the various supports were 
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analyzed. The pore volume was only slightly changed when the catalyst was 
loaded onto the MgO support, unlike with silica where there was a greater change 
in pore volume of the support. The pore volume for Al2O3 was minute and was not 
measurable using BET analysis. 
 
Table 3.7: BET results of the various catalyst supports 
Sample BET surface area (m2/g) Pore volume (cm3/g) 
Calcined MgO 20.77 0.18 
Ferrocene loaded on MgO 31.03 0.20 
Calcined Al2O3 0.03 – 
Ferrocene loaded on Al2O3 0.06 – 
Calcined SiO2 188.02 1.41 
Ferrocene loaded on SiO2 176.22 1.31 
 
 
3.3.2.2 TEM analysis 
3.3.2.2a.TEM analysis of products obtained with MgO as the catalyst support 
When MgO was used as the catalyst support nanotubes were not synthesized, as 
can be seen from the images in Fig. 3.27. Instead of the formation of carbon 
nanotubes in the reaction process, the support seemed to be coated with what 
appeared to be amorphous carbon. A. C. Dupuis has shown that when the metal 
catalyst is too large, it is unable to catalyze the formation of nanotubes, which 
may account for this observation at 1050ºC.23  
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a) 
 
 
 
 
 
 
Fig 3.27 a TEM image of product obtained with MgO as the catalyst support 
 
3.3.2.2b.TEM analysis of products obtained with Al2O3 as the catalyst 
support 
A range of products were obtained as shown in the TEM images (Fig. 3.28) when 
Al2O3 was the support used. The product was not formed on the walls of the 
quartz tube, but rather in the quartz boat. Fig. 3.28 a. shows that carbon materials 
seemed to have coated the support, indicating that the entire carbon source was 
not utilized in the formation of carbon nanotubes. Part of the carbon source was 
also utilized in the formation of carbon spheres (Fig. 3.28 c), indicating that the 
metal catalyst was not fully active. Also from Fig. 3.27 b and c, TEM images 
indicate that nanotubes were synthesized, even though in small quantities. The 
nanotube shown in Fig. 3.28 b was very straight, unlike the nanotubes that had 
been synthesized thus far, illustrating that the support does play a role in quality 
of nanotubes synthesized. An interesting chain–like structure was observed     
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(Fig. 3.28 d) and the reason for its formation was unclear, but it could have been 
due to the catalyst/support interaction. 
 
(a)   (b) 
 
 
 
 
 
 
(c)   (d) 
 
    
 
 
 
 
Fig 3.28 a-d TEM images of product obtained with Al2O3 as the catalyst support 
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3.3.2.2c.TEM analysis of products obtained SiO2 with as the catalyst support 
The product obtained from the reaction of ferrocene supported on SiO2, with 
camphor as the source of carbon, resulted in the synthesis of a minute amount of 
carbon nanotubes. From the sample that was analyzed using TEM, it was shown 
that the substrate was coated with carbon. This sample was then analyzed using 
HRTEM, and a single nanotube was observed (Fig. 3.29 b). Even though this was 
the only nanotube that was seen from the sample analyzed, it was shown that the 
tube had a very ordered structure and the number of graphitic layers was visible. 
A study carried out using camphor and ferrocene, supported on crystalline silica 
reported that at a reaction temperature of 1070ºC, the mass percent of CNTs was 
very low compared to the other carbonaceous materials formed. However, when 
the reaction temperature was decreased to between 630ºC–680ºC, vertically 
aligned well packed CNTs were synthesized.24 This could possibly account for 
the formation of minute quantities of nanotubes in this case as the reaction 
temperature was high (i.e. 1050 ºC). 
(a)   (b) 
 
    
 
 
 
Fig 3.29 a-b (HRTEM): TEM images of product obtained with SiO2 as the 
catalyst support 
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3.3.3 Summary 
– The quality of nanotubes synthesized at 10%(m/m) ferrocene was expected to 
improve when using supports as the catalyst particles are more finely distributed 
compared to the unsupported catalyst. However, in this study (Study 6), CNTs 
were not synthesized in almost all cases and if they were, in minute quantities. 
 
– Various parameters, including reaction temperature (as discussed in 3.2.2.c), 
could influence the synthesis of CNTs using supported catalysts, however due to 
time constraints none of these were studied. 
 
– In almost all cases, the support was coated with carbonaceous material as shown 
in TEM images. 
 
– From the three supports that were used, Al2O3 seemed to be the most promising 
for the synthesis of aligned CNTs, under these conditions. 
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CHAPTER 4 
Conclusions 
 
MWNTs were successfully synthesized using the CCVD technique. The quality and 
quantity of nanotubes that were synthesized varied as the mass percentage of 
ferrocene increased. The different carrier gases used, also affected the quality of 
nanotubes synthesized. The following are conclusions that were drawn from the 
studies and analyses that were carried out on the products obtained from CCVD: 
 
? Studies that involved the determination of the optimal experimental method 
for CNT synthesis showed that the short reaction path length with the catalyst 
and carbon source mixed in a single boat for synthesis of CNTs was most 
efficient for laboratory studies in terms of cost and percent mass of product 
synthesized.  
 
? Using the short reaction path length with the catalyst and carbon source mixed 
in a single boat and varying the furnace temperature in the range of 650ºC–
1050ºC, it was found that the best mass percent of product obtained was at 
1050ºC as shown in Table 4.1. 
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Table 4.1: Mass percentages of products obtained using a short reaction path 
length 
Temperature/ ºC Mass percentage of product 
(%m/m) 
650 0.00 
750 0.34 
850 6.49 
950 8.46 
1050 16.63 
 
 
? As the greatest mass percent of product was obtained at 1050ºC, this was used 
as the reaction temperature for the remaining experiments. Having chosen the 
method as well as the operating temperature for the synthesis of CNTs, 
different types of carrier gases and a range of mass percentages of ferrocene 
were studied to investigate the effect of the quantity and quality of nanotubes 
synthesized.  
 
It was clear that as the mass percentage of ferrocene increased, the largest 
quantity of product was obtained when the carrier gas used was nitrogen, 
whilst the least quantity of product was obtained with the use of 
argon/hydrogen (Table 4.2). At 0% and 1%(m/m) ferrocene, carbon spheres 
were synthesized irrespective of the carrier gas used and the general trend was 
that the outer diameter of the carbon spheres, decreased as the mass 
percentage of ferrocene increased to 1%(m/m). In an argon/hydrogen 
atmosphere for example, the external outer diameter of carbon spheres 
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decreased from 430nm to 342nm as the mass percentage of ferrocene 
increased from 0% to 1%(m/m). 
 
? At 1%(m/m) ferrocene, carbon nanotubes were also synthesized, but in small 
quantities. As the mass percentage of ferrocene further increased to 100% the 
quantity of product synthesized also increased, irrespective of the carrier gas 
used, however the increase in the Fe content from the catalyst does not fully 
account for this increase. The highest mass percent of product at various mass 
percentages of ferrocene however, was synthesized in a nitrogen atmosphere 
(Table 4.2). TGA confirmed that the increase in mass of product synthesized 
at a specific mass percentage of ferrocene, using different reaction 
atmospheres, was not due to an increase in the metal content within the 
nanotubes, but was actually due to the increase in the quantity of nanotubes 
synthesized. The external diameter of the nanotubes synthesized at different 
mass percentages of ferrocene decreased as the mass percentage of ferrocene 
increased and this trend was observed in nitrogen, argon/hydrogen and argon. 
Bamboo–shaped nanotubes were only synthesized when the reaction 
conditions were such that the mass percentage of ferrocene was100% and the 
reaction atmosphere was nitrogen.  
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Table 4.2: Mass percentages of products obtained using different carrier gases 
and a range of ferrocene mass percentages at a reaction temperature of 1050ºC 
gases Mass percentages of products {%(m/m)} 
 0%(m/m) 1%(m/m)  10%(m/m)  30%(m/m)  50%(m/m)  100%(m/m) 
N2 4.99 19.87 28.09 34.02 41.56 30.02 
Ar/H2 1.16 1.94 12.39 12.52 18.82 16.37 
Ar 8.89 20.09 23.97 29.24 34.86 30.02 
 
? Even though in a nitrogen atmosphere the greatest mass percent of product 
was synthesized, the best quality nanotubes were synthesized in an argon 
atmosphere at 30%(m/m). The ratio G/D ratio, which was obtained from 
Raman analysis (summarized in Table 4.3) gave an indication of the quality of 
nanotubes synthesized. When the carrier gas changed to argon/hydrogen, 
better quality nanotubes were synthesized at a lower concentration compared 
to when nitrogen was used as the carrier gas. Making use of argon/hydrogen, 
the best quality nanotubes were synthesized at 30% and 50% (m/m) ferrocene 
and the G/D ratios at these concentrations were 2.67 and 2.63, respectively. A 
G/D ratio of 3.58 however was obtained for nanotubes synthesized at 
30%(m/m) ferrocene in an argon atmosphere.  
From this study, it was therefore possible to synthesize either carbon spheres 
or carbon nanotubes with specific diameters. Also, by using the correct 
combination of reaction conditions, the desired quality of carbon nanotubes 
could be synthesized. 
It was important therefore to weigh the quality verses the quantity of products 
when choosing the reaction parameters for the synthesis. 
 116
 Table 4.3: Crystallinity of products (in terms of G/D) synthesized using 
different carrier gases and a range of ferrocene mass percentages at a reaction 
temperature of 1050ºC 
gases Crystallinity of products (G/D) 
 0 %(m/m) 1%(m/m)  10%(m/m)  30%(m/m)  50%(m/m)  100%(m/m) 
N2 0.67 0.83 1.90 1.50 1.97 2.14 
Ar/H2 0.58 1.28 1.58 2.67 2.63 1.73 
Ar 1.85 1.25 1.33 3.58 2.27 2.14 
 
? Based on the quality and quantity of materials synthesized, a mass percentage 
of 10% ferrocene together with nitrogen as the carrier gas was used in an 
attempt to synthesize aligned CNTs. Here, the catalyst was supported on 
various catalysts supports that included SiO2, Al2O3 and MgO. Aligned 
nanotubes were not synthesized under any of these conditions but when the 
catalyst support used was Al2O3 a very straight tube was observed from the 
TEM image and it could be that more of these types of tubes were present in 
the sample but these were not observed at the time of analysis. 
 
Even though aligned CNTs were not synthesized using this method, the effect 
of various reaction parameters on the quantity, quality and diameters of the 
products synthesized were better understood. 
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Future Recommendations 
? To investigate the effect of the mass percent of product obtained by increasing 
the reaction path even further using a third furnace. 
? To examine the effect of low mass percentages of ferrocene {< 1%(m/m)}on 
the diameters of carbon spheres.  
? Establish if atomic nitrogen was incorporated within the bamboo–like 
structures that were synthesized in a nitrogen atmosphere, by analyzing the 
products using EELS. 
? As there is a demand for aligned CNTs, especially for applications in the field 
of electronics, further studies involving the optimization of the synthesis of 
aligned CNTs using this method could be investigated. 
 118
